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Abstract
Addition of fine limestone provides an excellent means to reduce the amount of clinker in
cement. It is now well accepted that limestone partially reacts in cementitious systems with
C3A to produce hemi- and monocarboaluminate phases and as a consequence more sulfate is
available to form ettringite and the total volume of hydrates increases. The mechanism by
which limestone affects the hydration is crucial in understanding its influence on the properties
of cementitious materials.
Laboratory and Commercial Cements with two different types of clinker, low and high C3A
with different gypsum and limestone addition, were investigated. Hydrated pastes and mor-
tars were investigated in terms of kinetics, phases assemblage, microstructure development,
porosity, mechanical properties and durability (sulfate attack and sorptivity).
An improvement in sample preparation for XRD measurement was made, which allows
preferential orientation to be avoid and improves Rietveld Analysis quantification. The elas-
tic modulus was found to correlate well with compressive strength and could be used as a
nondestructive method to measure compressive strength.
Monocarboaluminate formation was found to increase with increasing C3A. For high C3A
cement it is visible at 2 days of hydration and at 720 days 4.5% of monocarboaluminate is
measured in the system. For Low C3A cement it is visible at 7 days of hydration and at
720 days 1.6% of monocarboaluminate is measured in the system. Mc is formed only after
all gypsum, which is more reactive than limestone is consumed to produce ettringite. No
monosulfate is observed in the limestone systems.
The optimum gypsum, was found to have as much effect at early ages on the hydration as
10% of limestone addition. Consequently variations in the gypsum level were investigate but
it was difficult to quantify differences between samples with increasing gypsum addition.
Studies of behavior in sulfate solution indicated that C3A is the dominant factor. Lime-
stone addition produce slight changes in the form of degradation but do not fundamentally
change whether deterioration takes place or not.




L’ajout de calcaire fin est un excellent moyen pour permettre de re´duire la quantite´ de clinker
dans le ciment. Il est maintenant reconnu que le calcaire re´agit en partie dans les syste`mes
cimentaires avec le C3A pour produire des phases hemi- et monocarboaluminates, ce qui
a pour conse´quence de laisser plus de sulfates a` disposition pour la formation d’ettringite
et d’augmenter le volume total des hydrates. Le me´canisme selon lequel le calcaire affecte
l’hydratation est primordial pour comprendre l’influence sur les proprie´te´s de mate´riaux ci-
mentaires.
Des ciments commerciaux et de laboratoire avec deux sortes de clinker, a` haute ou faible
teneur en C3A, avec des additions diffe´rentes de gypse et de calcaire, ont e´te´ e´tudie´s. L’e´tude
de paˆtes et de mortiers hydrate´s a e´te´ mene´e en termes de cine´tique, d’assemblages des phases,
de de´veloppement de la microstructure, de porosite´, de proprie´te´s me´caniques et de durabilite´
(attaque sulfatique et sorptivite´). La me´thode de pre´paration pour diffraction par rayons X a
e´te´ ame´liore´e, permettant d’e´viter les proble`mes lie´s a` l’orientation pre´fe´rentielle et d’ame´liorer
la quantification par analyse Rietveld. Le module d’e´lasticite´ a montre´ une bonne corre´lation
avec la re´sistance en compression et constituerait donc une me´thode non-destructrice pour
mesurer la re´sistance en compression.
Il a e´te´ observe´ que la formation de Mc augmente avec la quantite´ de C3A. Pour le ciment a`
haute teneur en C3A il est visible a` deux jours d’hydratation et 4.5% de monocarboaluminate
sont mesure´s dans le syste`me a` 720 jours. Pour le ciment a` basse teneur en C3A il apparait a`
7 jours et 1.6% sont mesure´s dans le syste`me a` 720 jours. Le Mc ne forme qu’apre`s la re´action
comple`te du gypse - plus re´actif que le calcaire - pour former de l’ettringite. Aucune trace de
monosulfate n’est de´tecte´e dans les syste`mes contenant du calcaire.
La quantite´ optimale de gypse a un effet observable sur l’hydratation a` jeune aˆge compa-
rable a` l’ajout de 10% de calcaire. Une e´tude a e´te´ mene´e mais il a e´te´ difficile de quantifier
les diffe´rences entre les e´chantillons a` diffe´rentes teneurs de gypse. Des e´tudes sur le com-
portement en solution sulfatique ont indique´ que le C3A est le facteur dominant. L’ajout
de calcaire produit de le´gers changements dans la forme de de´gradation mais ne change pas
fondamentalement s’il y a pre´sence de de´gradation ou pas.








List of figures XIII
List of tables XXIII
Glossary XXV
1 Introduction 1
2 Literature review 3
2.1 Early hydration kinetics and phase assemblage . . . . . . . . . . . . . . . . . . 3
2.1.1 Early hydration kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.2 Phase assemblage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Physical properties with limestone addition . . . . . . . . . . . . . . . . . . . . 5
2.2.1 Particle size distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.2 Workability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3.1 Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.3.2 Volume changes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4 Durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4.1 Porosimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.4.2 Permeability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4.3 Carbonation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4.4 Freeze/thaw resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4.5 Sulfate resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
VII
2.4.6 Thaumasite formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.4.7 Chlorides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3 Materials and Methods 13
3.1 Objective of the study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Primary Materials Characterization . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2.1 Raw materials characterization . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.2 Cement blend characterization . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.2.1 XRD and TGA analysis comparison . . . . . . . . . . . . . . . 17
3.2.2.2 Particle Size Distribution, Specific Surface and Specific Gravity 18
3.3 Preparation of samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.4 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.4.1 X-Ray Diffraction – XRD . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.4.1.1 XRD analysis in the limestone cement systems – crystals sus-
ceptible to preferred orientation . . . . . . . . . . . . . . . . . 21
3.4.2 Thermo Gravimetric Analysis – TGA . . . . . . . . . . . . . . . . . . . 25
3.4.2.1 TGA possibilities . . . . . . . . . . . . . . . . . . . . . . . . . 26
3.4.3 X-Ray Fluorescence (XRF) . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.4.4 Particle Size distribution . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4.5 Specific Surface and Density . . . . . . . . . . . . . . . . . . . . . . . . 29
3.4.6 Scanning Electron Microscopy (SEM) . . . . . . . . . . . . . . . . . . . 29
3.4.7 Mercury Intrusion Porosimetry (MIP) . . . . . . . . . . . . . . . . . . . 29
3.4.8 Isothermal Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
3.4.9 Chemical Shrinkage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.4.10 Compressive and Flexural Strength . . . . . . . . . . . . . . . . . . . . . 31
3.4.11 Elastic Modulus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.4.11.1 Elastic Modulus to determine compressive strength . . . . . . 32
3.4.12 Sulfate Attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4 Limestone addition in the low and high C3A clinker cements 35
4.1 Influence of C3A amount on the hemi- and monocarboaluminate formation . . 36
4.1.1 Compressive Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
4.1.2 Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
4.1.3 Hydration products with limestone and different clinker composition . . 41
4.1.3.1 GEMS predictions . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.1.4 Porosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.1.5 Microstructural development . . . . . . . . . . . . . . . . . . . . . . . . 48
4.1.6 Summary – Hc and Mc formation with different C3A content cements . 49
4.2 Increasing limestone addition with high C3A clinker cements . . . . . . . . . . 51
4.2.1 Compressive Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2.2 Kinetics of the hydration . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.2.3 Phase assemblage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.2.3.1 Influence on the AFm phase formation . . . . . . . . . . . . . 59
4.2.3.2 GEMS prediction of phase formation . . . . . . . . . . . . . . 62
4.2.4 Porosimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5 Influence of gypsum on hydration of PC and limestone cements 67
5.1 Influence of gypsum on the hydration of alite in the alite – gypsum – limestone
system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.1.1 Alite – gypsum – limestone systems – kinetics . . . . . . . . . . . . . . . 69
5.1.2 Phase assemblage of alite – gypsum – limestone mixes . . . . . . . . . . 72
5.2 Influence of gypsum on cement hydration . . . . . . . . . . . . . . . . . . . . . 78
5.2.1 Compressive strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
5.2.2 Hydration kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.2.3 Development of phases (XRD, TGA) . . . . . . . . . . . . . . . . . . . . 84
5.2.4 Porosimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2.5 Microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.2.6 Summary - Influence of gypsum . . . . . . . . . . . . . . . . . . . . . . . 96
5.3 Influence of limestone on gypsum optimum . . . . . . . . . . . . . . . . . . . . 97
5.3.1 Influence of limestone on the compressive strength . . . . . . . . . . . . 97
5.3.2 Influence of Limestone on the kinetics . . . . . . . . . . . . . . . . . . . 100
5.3.3 Influence of limestone on the phase assemblage . . . . . . . . . . . . . . 104
5.3.4 Influence of limestone on the porosity and microstructure development . 107
5.4 GEMS vs XRD, aluminium gypsum and calcium uptake into C-S-H . . . . . . 112
5.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6 Influence of the temperature on hydration and properties of PC and lime-
stone cement 119
6.1 Influence of the temperature on the kinetics . . . . . . . . . . . . . . . . . . . . 120
6.2 Influence of the temperature on the compressive strength . . . . . . . . . . . . 127
6.3 Activation Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
6.3.1 Activation Energy for different cement systems . . . . . . . . . . . . . . 136
6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
7 Influence of limestone and gypsum on the durability of cementitious mate-
rials 141
7.1 Sulfate attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
7.1.1 State of the art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
7.1.2 Influence of limestone on the sulfate attack . . . . . . . . . . . . . . . . 143
7.1.2.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
7.1.2.2 Microstructure investigation . . . . . . . . . . . . . . . . . . . 144
7.2 Sorptivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
7.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
8 Main findings and future perspective 159
8.1 Main findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
8.1.1 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
8.1.2 Hc and Mc formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
8.1.3 Ettringite formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
8.1.4 C–S–H composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
8.1.5 Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
8.1.6 Porosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
8.1.7 Compressive strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
8.1.8 Alite–gypsum–limestone system . . . . . . . . . . . . . . . . . . . . . . . 163
8.1.9 Temperature influence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
8.1.10 Durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
8.2 Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
Appendices 165
Appendix A Materials 167
Appendix B Methods 175
Appendix C SEM EDS analysis 177
Appendix D Influence of limestone on cement hydration 181
D.0.1 Influence of C3A content on hemi– and monocarboaluminate formation 181
D.0.2 Commercial cements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
D.0.2.1 Kinetics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
D.0.2.2 Phase assemblage . . . . . . . . . . . . . . . . . . . . . . . . . 185
D.0.2.3 Porosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
Appendix E Comparison of Laboratory and commercial cements 191
E.1 Cement composition and particle size distribution . . . . . . . . . . . . . . . . . 191
E.2 Kinetics of hydration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193
E.3 Compressive strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195





2.1 Isothermal Calorimetry data for: C3S and C3S+CaCO3 [59]. . . . . . . . . . . 4
2.2 Degree of Hydration for paste with increasing limestone addition and different
w/c ratio[8]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 Rosin-Rammler-Sperling-Bennet diagram of clinker and limestone and lime-
stone cement [76]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.4 Compressive Strength of blended cements vs. percentage of the substituted
Portland Cement [85]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
3.1 XRD, TGA, XRF method comparison. Quantification of SO3 in cement. . . . . 17
3.2 Particle size distribution. Batch comparison. Cements with low C3A content. . 19
3.3 Particle size distribution. Batch comparison. Cements with high C3A content. 19
3.4 X–ray diffraction results. Comparison of the two methods for limestone cement
samples preparation, ground and sliced. Calcite quantification. . . . . . . . . . 22
3.5 X–ray diffraction results. Comparison of the two methods for limestone cement
samples preparation, ground and sliced. Ettringite quantification. . . . . . . . . 22
3.6 X–ray diffraction results. Comparison of the two methods for limestone cement
samples preparation, ground and sliced. Monocarboaluminate quantification. . 23
3.7 XRD patterns for techniques of sample preparation, grounded – powders and
slices. Sample with low and high C3A clinker with (dark line) and without
(light line) 10% of limestone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.8 TGA analysis. Heating mode – linear 10oC/min. . . . . . . . . . . . . . . . . . 27
3.9 TGA analysis. Heating mode – step method. . . . . . . . . . . . . . . . . . . . 27
3.10 TGA analysis. Heating mode – linear 10oC/min – hemicarboaluminate (Hc),
monocarboaluminate (Mc) and calcite. . . . . . . . . . . . . . . . . . . . . . . . 27
3.11 TGA analysis. Hemicarboaluminate decomposition at different heating mode. . 28
3.12 Isothermal Calorimetry curve typical for Portland cement hydration. . . . . . . 30
3.13 Young’s Modulus vs. Compressive Strength . . . . . . . . . . . . . . . . . . . . 33
4.1 Compressive Strength at different ages. Samples with low (L=3%) and high
(H=8%) C3A content, with and without 10% of limestone addition. Gypsum
content at optimum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
XIII
4.2 Isothermal Calorimetry data. Samples with low (L=3%) C3A content, with 0
and 10% of limestone addition. Batch I. . . . . . . . . . . . . . . . . . . . . . . 39
4.3 Isothermal Calorimetry data. Samples with low (L=3%) C3A content, with 0
and 10% of limestone addition. Batch II. . . . . . . . . . . . . . . . . . . . . . . 39
4.4 Isothermal Calorimetry data. Samples with high (H=8%) C3A content, with
0 and 10% of limestone addition. Batch I. . . . . . . . . . . . . . . . . . . . . . 40
4.5 Isothermal Calorimetry data. Samples with high (H=8%) C3A content, with
0 and 10% of limestone addition. Batch II. . . . . . . . . . . . . . . . . . . . . 40
4.6 XRD Rietveld Analysis, monocarboaluminate and monosulfate quantification.
Samples with low and high C3A, 0 and 10% of limestone addition. . . . . . . . 41
4.7 XRD Rietveld Analysis – calcite quantification and calculated calcite content. . 42
4.8 SEM EDS analysis – C-S-H composition at 24 hours of hydration for sample
L0Cg5.5. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
4.9 Portlandite formation by XRD Rietveld analysis, GEMS default settings, GEMS
with fixed Ca/Si ratio obtained by SEM EDS analysis. . . . . . . . . . . . . . . 45
4.10 Monocarboaluminate formation by XRD Rietveld analysis and GEMS calcula-
tion with default C-S-H composition and with fixed Al/Si ratio. . . . . . . . . . 46
4.11 MIP data for cement with low C3A (3%) clinker content and with 0 and 10%
of limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.12 MIP data for cement with high C3A (8%) clinker content and with 0 and 10%
of limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.13 Scanning Electron Microscopy at 10 and 24 hours of hydration for samples with
low (3%) and high (8%) C3A clinker with 0 and 10% of limestone addition.
Magnification=6000x, HV=15kV, WD=12.5mm. . . . . . . . . . . . . . . . . . 48
4.14 Indication of the optimum gypsum for each limestone addition . . . . . . . . . 51
4.15 Compressive Strength of mortars with increasing limestone addition at different
times of hydration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.16 Isothermal Calorimetry with increasing limestone addition. Cement with high
(8%) C3A clinker, gypsum amount is in optimum for each sample. . . . . . . . 53
4.17 Isothermal Calorimetry with increasing limestone addition – cumulative curve.
Cement with high (8%) C3A clinker and increasing limestone addition gypsum
amount is in optimum for each sample. . . . . . . . . . . . . . . . . . . . . . . . 54
4.18 Slope of the acceleration period with limestone addition. . . . . . . . . . . . . . 54
4.19 Time of the aluminate reaction with limestone addition. . . . . . . . . . . . . . 55
4.20 Thermal Gravimetry data for high C3A clinker with increasing limestone ad-
dition, at 24 hours of hydration. . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.21 XRD Rietveld Analysis data for high C3A clinker with increasing limestone
addition. C3S quantification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.22 XRD Rietveld Analysis and TGA data for high C3A clinker with increasing
limestone addition. Portlandite (CH) quantification. . . . . . . . . . . . . . . . 57
4.23 XRD Rietveld Analysis data for high C3A clinker with increasing limestone
addition. C3A quantification. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.24 XRD Rietveld Analysis data for high C3A clinker with increasing limestone
addition. C4AF quantification. . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.25 XRD Rietveld Analysis. Low and high C3A clinker with increasing limestone
addition. Monocarboaluminate and monosulfate formation up to 90 days of
hydration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
4.26 XRD Rietveld Analysis. Low and high C3A clinker with increasing limestone
addition. Ettringite formation up to 90 days of hydration. . . . . . . . . . . . . 60
4.27 XRD patterns at 2 days of hydration. High C3A clinker with increasing lime-
stone addition. Ettringite, hemicarboaluminate and monocarboaluminate peak. 61
4.28 GEMS calculations data. Monocarboaluminate prediction formation for sam-
ples with increasing limestone addition. . . . . . . . . . . . . . . . . . . . . . . 62
4.29 Monocarboaluminate formation by XRD Rietveld analysis and GEMS calcu-
lations. Samples with increasing limestone addition and gypsum at optimum
content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.30 Mercury Intrusion Porosimetry (MIP) data at 10, 24 hours and 28 days of
hydration. For samples with increasing limestone addition. . . . . . . . . . . . 64
5.1 Isothermal Calorimetry Data for alite and gypsum mixes. . . . . . . . . . . . . 70
5.2 Isothermal Calorimetry Data for alite and gypsum mixes – cumulative curve. . 70
5.3 Isothermal Calorimetry Data for alite, gypsum and 10% of limestone mixes. . . 71
5.4 Isothermal Calorimetry Data for alite, gypsum and 10% of limestone mixes –
cumulative curve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.5 XRD Rietveld Analysis. C3S and portlandite quantification in the system of
alite-gypsum-limestone. 7 days of hydration. . . . . . . . . . . . . . . . . . . . . 73
5.6 XRD Rietveld Analysis. Amorphous phase quantification in the system of
alite-gypsum-limestone. 7 days of hydration. . . . . . . . . . . . . . . . . . . . . 73
5.7 Mercury Intrusion Porosimetry. Alite, different amount of gypsum with 0 and
10% of limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.8 Thermogravimetric Analysis. Alite with different gypsum content and with 0%
of limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.9 Thermogravimetric Analysis. Alite with different gypsum content and with
10% of limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.10 Thermogravimetric Analysis. Alite with different gypsum content and with 0
and 10% of limestone addition. Water loss up to 550oC. . . . . . . . . . . . . . 76
5.11 Thermogravimetric Analysis. Alite with different gypsum content and with 0
and 10% of limestone addition. Portlandite content. . . . . . . . . . . . . . . . 76
5.12 Scanning Electron Microscopy for samples alite – gypsum – limestone mixes.
Magnification=1600x, HV=15kV, WD=12.5mm. . . . . . . . . . . . . . . . . . 77
5.13 Compressive Strength of mortars at 28 days of hydration. Clinker with low
(3%) C3A content and increasing gypsum addition. . . . . . . . . . . . . . . . . 80
5.14 Compressive Strength of mortars at 10 and 24 hours of hydration. Clinker with
low (3%) C3A content and increasing gypsum addition. . . . . . . . . . . . . . 80
5.15 Compressive Strength of mortars at 28 days of hydration. Clinker with high
(8%) C3A content and increasing gypsum addition. . . . . . . . . . . . . . . . . 81
5.16 Compressive Strength of mortars at 10 and 24 hours of hydration. Clinker with
high (8%) C3A content and with increasing gypsum addition. . . . . . . . . . . 81
5.17 Isothermal Calorimetry data for low C3A clinker with increasing gypsum content. 82
5.18 Isothermal Calorimetry data for low C3A clinker with increasing gypsum con-
tent – Cumulative. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5.19 Isothermal Calorimetry data for high C3A clinker with increasing gypsum content. 83
5.20 Isothermal Calorimetry data for high C3A clinker with increasing gypsum con-
tent – Cumulative. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.21 XRD Rietveld Analysis, ettringite formation and C3A consumption up to 24
hours of hydration in low C3A cement with increasing gypsum content. . . . . 85
5.22 XRD Rietveld Analysis, ettringite formation and C3A consumption up to 24
hours of hydration in high C3A cement with increasing gypsum content. . . . . 85
5.23 XRD Rietveld Analysis, monosulfate phase formation, low C3A clinker with
increasing gypsum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.24 XRD Rietveld Analysis, monosulfate phase formation, high C3A clinker with
increasing gypsum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
5.25 XRD Rietveld Analysis, C3S phase consumption up to 24 hours of hydration,
low C3A clinker with increasing gypsum addition. . . . . . . . . . . . . . . . . . 87
5.26 XRD Rietveld Analysis, C3S phase consumption up to 24 hours of hydration,
high C3A clinker with increasing gypsum addition. . . . . . . . . . . . . . . . . 87
5.27 TGA at 10 hours of hydration of low C3A clinker cement with increasing gyp-
sum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.28 TGA at 24 hours of hydration of low C3A clinker cement with increasing gyp-
sum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
5.29 TGA at 10 hours of hydration of high C3A clinker cement with increasing
gypsum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.30 TGA at 24 hours of hydration of high C3A clinker cement with increasing
gypsum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
5.31 Mercury Intrusion Porosimetry at 10 hours of hydration. Low C3A clinker with
increasing gypsum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.32 Mercury Intrusion Porosimetry at 24 hours of hydration. Low C3A clinker with
increasing gypsum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.33 Mercury Intrusion Porosimetry at 10 hours of hydration. High C3A clinker
with increasing gypsum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.34 Mercury Intrusion Porosimetry at 24 hours of hydration. Low C3A clinker with
increasing gypsum addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.35 Total porosity vs. Compressive strength at 10 and 24 hours of hydration. Low
and high C3A clinker with increasing gypsum addition. . . . . . . . . . . . . . . 93
5.36 Scanning Electron Microscopy at 10 and 24 hours of hydration for samples
with low C3A clinker and increasing gypsum addition. Magnification=6000x,
HV=15kV, WD=12.5mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
5.37 Scanning Electron Microscopy at 10 and 24 hours of hydration for samples
with high C3A clinker and increasing gypsum addition. Magnification=6000x,
HV=15kV, WD=12.5mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.38 Compressive Strength of mortars at 28 days of hydration. Clinker with low
(3%) C3A content with 0 and 10% limestone addition. . . . . . . . . . . . . . . 98
5.39 Compressive Strength of mortars at 10 and 24 hours of hydration. Clinker with
low (3%) C3A content, with 0 and 10% limestone addition. . . . . . . . . . . . 98
5.40 Compressive Strength of mortars at 28 days of hydration. Clinker with high
(8%) C3A content with 0 and 10% of limestone addition. . . . . . . . . . . . . . 99
5.41 Compressive Strength of mortars at 10 and 24 hours of hydration. Clinker with
high (8%) C3A content with 0 and 10% of limestone addition. . . . . . . . . . . 99
5.42 Isothermal Calorimetry data – Heat Evolution Rate. Clinker with low (3%)
C3A content and with 10% of limestone addition. . . . . . . . . . . . . . . . . . 101
5.43 Isothermal Calorimetry data – Heat Evolution Rate. Clinker with high (8%)
C3A content and with 10% of limestone addition. . . . . . . . . . . . . . . . . . 101
5.44 Isothermal Calorimetry data for samples with low and high C3A clinker, 0 and
10% of limestone addition and increasing gypsum content. . . . . . . . . . . . . 102
5.45 Isothermal Calorimetry data – Cumulative Curve. Clinker with low (3%) C3A
content with increasing gypsum content and with 0 and 10% of limestone addition.103
5.46 Isothermal Calorimetry data – Cumulative. Clinker with high (8%) C3A con-
tent with increasing gypsum content and with 0 and 10% of limestone addition. 103
5.47 XRD Rietveld Analysis, monosulfate (Ms) and monocarboaluminate (Mc) quan-
tification. Sample with low C3A clinker cement, increasing gypsum addition,
0 and 10% of limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.48 XRD Rietveld Analysis, monosulfate (Ms) and monocarboaluminate (Mc) quan-
tification. Sample with high C3A clinker cement, increasing gypsum addition,
0 and 10% of limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.49 % of C3S hydrated in function of gypsum addition. Low C3A clinker cements
with 0 and 10% of limestone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.50 % of C3S hydrated in function of gypsum addition. High C3A clinker cements
with 0 and 10% of limestone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.51 MIP data at 10 hours of hydration. Sample with low C3A clinker cement,
increasing gypsum addition, 0 and 10% of limestone addition. . . . . . . . . . . 108
5.52 MIP data at 24 hours of hydration. Sample with low C3A clinker cement,
increasing gypsum addition, 0 and 10% of limestone addition. . . . . . . . . . . 108
5.53 MIP data at 10 hours of hydration. Sample with high C3A clinker cement,
increasing gypsum addition, 0 and 10% of limestone addition. . . . . . . . . . . 109
5.54 MIP data at 24 hours of hydration. Sample with high C3A clinker cement,
increasing gypsum addition, 0 and 10% of limestone addition. . . . . . . . . . . 109
5.55 Scanning Electron Microscopy at 10 and 24 hours of hydration for samples with
low C3A clinker, increasing gypsum addition, 0 and 10% of limestone addition.
Magnification=6000x, HV=15kV, WD=12.5mm. . . . . . . . . . . . . . . . . . 110
5.56 Scanning Electron Microscopy at 10 and 24 hours of hydration for samples
with high C3A clinker, increasing gypsum addition, 0 and 10% of limestone
addition. Magnification=6000x, HV=15kV, WD=12.5mm. . . . . . . . . . . . . 111
5.57 Comparison of XRD Rietveld analysis and GEMS calculation of ettringite and
monosulfate. Systems with high C3A clinker, 0% of limestone and increasing
gypsum content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.58 Comparison of XRD Rietveld analysis and GEMS calculation of ettringite and
monocarboaluminate. Systems with high C3A clinker, 10% of limestone and
increasing gypsum content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6.1 Isothermal Calorimetry Data at different temperatures. Sample with low C3A
content, 3.8% of gypsum 0, 10% of limestone addition. . . . . . . . . . . . . . . 121
6.2 Isothermal Calorimetry Data at different temperatures. Cumulative curve.
Sample with low C3A content, 3.8% of gypsum, 0, 10% of limestone addition. . 121
6.3 Isothermal Calorimetry Data at different temperatures. Sample with low C3A
content, 5.5% of gypsum, 0, 10% of limestone addition. . . . . . . . . . . . . . . 122
6.4 Isothermal Calorimetry Data at different temperatures. Cumulative curve.
Sample with low C3A content, 5.5% of gypsum, 0, 10% of limestone addition. . 122
6.5 Isothermal Calorimetry Data at different temperatures. Sample with low C3A
content, 6.0% of gypsum, 0, 10% of limestone addition. . . . . . . . . . . . . . . 123
6.6 Isothermal Calorimetry Data at different temperatures. Cumulative curve.
Sample with low C3A content, 6.0% of gypsum, 0, 10% of limestone addition. . 123
6.7 Isothermal Calorimetry Data at different temperatures. Sample with high C3A
content, 3.8% of gypsum, 0, 10% of limestone addition. . . . . . . . . . . . . . . 124
6.8 Isothermal Calorimetry Data at different temperatures. Sample with high C3A
content, 3.8% of gypsum, 0, 10% of limestone addition. . . . . . . . . . . . . . . 124
6.9 Isothermal Calorimetry Data at different temperatures. Sample with high C3A
content, 6.0% of gypsum, 0, 10% of limestone addition . . . . . . . . . . . . . . 125
6.10 Isothermal Calorimetry Data at different temperatures. Sample with high C3A
content, 6.0% of gypsum, 0, 10% of limestone addition. . . . . . . . . . . . . . . 125
6.11 Isothermal Calorimetry Data at different temperatures. Sample with high C3A
content, 9.0% of gypsum, 0, 10% of limestone addition. . . . . . . . . . . . . . . 126
6.12 Isothermal Calorimetry Data at different temperatures. Sample with high C3A
content, 9.0% of gypsum, 0, 10% of limestone addition. . . . . . . . . . . . . . . 126
6.13 Compressive Strength at 10h of hydration and different temperatures. Sam-
ples with high C3A clinker, different gypsum content and with 0 and 10% of
limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
6.14 Compressive Strength at 24h of hydration and different temperatures. Sam-
ples with high C3A clinker, different gypsum content and with 0 and 10% of
limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
6.15 Compressive Strength at 28d of hydration and different temperatures. Sam-
ples with high C3A clinker, different gypsum content and with 0 and 10% of
limestone addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
6.16 Isothermal Calorimetry Data – Maturity of the system at different temperatures.130
6.17 Isothermal Calorimetry Data, and X–ray Diffraction, Rietveld Analysis Data
– Maturity of the system at different temperatures by degree of hydration. . . . 131
6.18 Compressive Strength – corresponding maturity at different temperatures to
10h maturity at 20oC, by calorimetry and XRD. . . . . . . . . . . . . . . . . . 132
6.19 Compressive Strength – corresponding maturity at different temperatures to
24h maturity at 20oC, by calorimetry and XRD. . . . . . . . . . . . . . . . . . 133
6.20 Mercury Intrusion Porosimetry – Sample with 3.8% of gypsum and high C3A
content, SO3/Al2O3 = 0.62. Corresponding maturity at 10 and 30
oC to 10h
maturity at 20oC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.21 Mercury Intrusion Porosimetry – Sample with 5.5% of gypsum and high C3A
content, SO3/Al2O3 = 0.90. Corresponding maturity at 10 and 30
oC to 10h
maturity at 20oC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
6.22 Mercury Intrusion Porosimetry – Sample with 6.0% of gypsum and high C3A
content, SO3/Al2O3 = 0.99. Corresponding maturity at 10 and 30
oC to 10h
maturity at 20oC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
6.23 Total Porosimetry vs. Compressive Strength at different temperatures. . . . . . 135
6.24 Examples of superposition of calorimetry curves for calculating activation energy.136
6.25 Activation Energies results for low C3A clinker. . . . . . . . . . . . . . . . . . . 138
6.26 Activation Energies results for high C3A clinker. . . . . . . . . . . . . . . . . . 138
7.1 Sulfate attack experiment - sampling. . . . . . . . . . . . . . . . . . . . . . . . 143
7.2 Expansion – Laboratory Cement. Samples with low C3A content (3%), 0 and
10% of limestone addition and different gypsum content. . . . . . . . . . . . . . 145
7.3 Expansion – Laboratory Cement. Samples with high C3A content (8%), 0 and
10% of limestone addition and different gypsum content. . . . . . . . . . . . . . 145
7.4 Expansion – Commercial Cement. Samples with low and high C3A content,
different limestone addition and 6.5% of gypsum content. . . . . . . . . . . . . 146
7.5 The same value of expansion and different level of destruction– Commercial
Cement. Samples with low and high C3A content, different limestone addition
and gypsum content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
7.6 XRD Pattern for samples with the same level of expansion and different time
of exposure, 180 and 360 days. High C3A clinker. . . . . . . . . . . . . . . . . . 148
7.7 XRD Pattern for samples at the same time (480 days) but different expansion
level. High C3A clinker. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
7.8 XRD Patterns for samples at 360 days in sulfate solution. Low C3A clinker. . . 149
7.9 XRD Patterns for samples at 360 days in sulfate solution. High C3A clinker. . 149
7.10 TGA, derivative curves for samples with the same level of expansion and dif-
ferent time of exposure, 180 and 360 days. High C3A clinker. . . . . . . . . . . 150
7.11 TGA, derivative curves for samples at the same time (480 days) but different
expansion level. High C3A clinker. . . . . . . . . . . . . . . . . . . . . . . . . . 150
7.12 TGA, derivative curves for samples at 360 days in sulfate solution. Low C3A
clinker. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
7.13 TGA, derivative curves for samples at 480 days in sulfate solution. High C3A
clinker. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
7.14 SEM, sulfate concentration in the samples. . . . . . . . . . . . . . . . . . . . . 153
7.15 SEM pictures (gray pictures) and sulfate profile (colored pictures). Mag:100x,
HV:15kV, WD:12.5mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154
7.16 Sorptivity data at 28 and 90 days of hydration. Low C3A clinker with 0 and
10% of limestone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
7.17 Sorptivity data at 28 days of hydration. High C3A clinker with 0 and 10% of
limestone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
7.18 Sorptivity data at 28 and 90 days of hydration. Commercial Cements. . . . . . 156
A.1 Particle size distribution. Cements with low C3A content. . . . . . . . . . . . . 167
A.2 Particle size distribution. Cements with high C3A content. . . . . . . . . . . . 168
A.3 Particle size distribution. Commercial Cements. . . . . . . . . . . . . . . . . . . 168
C.1 Inner C–S–H composition by SEM EDS analysis. High C3A clinker, 3.8 and
9.0 % of gypsum at 10 and 24 hours of hydration. . . . . . . . . . . . . . . . . . 177
C.2 Inner C–S–H composition by SEM EDS analysis. High C3A clinker, 10% of
limestone addition and different gypsum content at 10 and 24 hours of hydration.178
C.3 Inner and outer C–S–H composition by SEM EDS analysis. High C3A clinker,
10% of limestone addition and different gypsum content at 28 days of hydration.179
C.4 Inner and outer C–S–H composition by SEM EDS analysis. Low C3A clinker,
0 and 10% of limestone addition and different gypsum content at 24 hours of
hydration. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
D.1 XRD Rietveld analysis – C3S quantification. . . . . . . . . . . . . . . . . . . . . 181
D.2 XRD Rietveld analysis – C2S quantification. . . . . . . . . . . . . . . . . . . . . 182
D.3 XRD Rietveld analysis – C3A quantification. . . . . . . . . . . . . . . . . . . . 182
D.4 XRD Rietveld analysis – C4AF quantification. . . . . . . . . . . . . . . . . . . 183
D.5 XRD Rietveld analysis – ettringite quantification. . . . . . . . . . . . . . . . . . 183
D.6 XRD Rietveld analysis – portlandite quantification. . . . . . . . . . . . . . . . . 184
D.7 Heat Evolution Rated for samples with low C3A content and increasing lime-
stone content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
D.8 Heat Evolved for samples with low C3A clinker and increasing limestone content.185
D.9 Thermal Gravimetry data at 24 hours of hydration. Commercial cements with
low C3A content and increasing limestone addition. . . . . . . . . . . . . . . . . 185
D.10 Portlandite quantification by XRD Rietveld Analysis and TGA analysis. Com-
mercial cements with low C3A content and increasing limestone addition. . . . 186
D.11 XRD Rietveld Analysis. C3S quantification. Commercial cements with low
C3A content and increasing limestone addition. . . . . . . . . . . . . . . . . . . 186
D.12 XRD Rietveld Analysis. C3A quantification. Commercial cements with low
C3A content and increasing limestone addition. . . . . . . . . . . . . . . . . . . 187
D.13 XRD Rietveld Analysis. C4AF quantification. Commercial cements with low
C3A content and increasing limestone addition. . . . . . . . . . . . . . . . . . . 187
D.14 XRD Rietveld Analysis. Degree of hydration. Commercial cements with Low
C3A content and increasing limestone addition. . . . . . . . . . . . . . . . . . . 188
D.15 XRD Rietveld Analysis. Ettringite (Ett) and monocarboaluminate (Mc) quan-
tification. Commercial cements with low C3A content and increasing limestone
addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
D.16 XRD Rietveld Analysis. Calcite quantification. Commercial cements with low
C3A content and increasing limestone addition. . . . . . . . . . . . . . . . . . . 189
D.17 MIP at 24 hours and 28 days of hydration. . . . . . . . . . . . . . . . . . . . . 189
E.1 Particle size distribution of laboratory and commercial cements. Cements with
low C3A content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
E.2 Particle size distribution of laboratory and commercial cements. Cements with
high C3A content. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
E.3 Heat Evolution Rate up to 60 hours of hydration. Cements with low C3A
content. Comparison between laboratory and commercial cements. . . . . . . . 193
E.4 Total Heat Evolved up to 60 hours of hydration. Cements with low C3A con-
tent. Comparison between laboratory and commercial cements . . . . . . . . . 193
E.5 Heat Evolution Rate up to 60 hours of hydration. Cements with high C3A
content. Comparison between laboratory and commercial cements . . . . . . . 194
E.6 Total Heat Evolved up to 60 hours of hydration. Cements with high C3A
content. Comparison between laboratory and commercial cements . . . . . . . 194
E.7 Compressive strength. Clinker with low (3%) C3A content with different gyp-
sum addition and with 0 and 10% of limestone addition. . . . . . . . . . . . . . 195
F.1 XRD Rietveld Analysis, C3A and ettringite quantification. Sample with low
C3A clinker cement, 3.8% of gypsum addition, 0 and 10% of limestone addition.197
F.2 XRD Rietveld Analysis, C3A and ettringite quantification. Sample with low
C3A clinker cement, 5.5% of gypsum addition, 0 and 10% of limestone addition.198
F.3 XRD Rietveld Analysis, C3A and ettringite quantification. Sample with low
C3A clinker cement, 9.0% of gypsum addition, 0 and 10% of limestone addition.198
F.4 XRD Rietveld Analysis, C3A and ettringite quantification. Sample with high
C3A clinker cement, 3.8% of gypsum addition, 0 and 10% of limestone addition.199
F.5 XRD Rietveld Analysis, C3A and ettringite quantification. Sample with high
C3A clinker cement, 6.0% of gypsum addition, 0 and 10% of limestone addition.199
F.6 XRD Rietveld Analysis, C3A and ettringite quantification. Sample with high
C3A clinker cement, 9.0% of gypsum addition, 0 and 10% of limestone addition.200
F.7 Thermo Gravimetric Analysis, water loss up to 550oC. Sample with low C3A
clinker cement, increasing gypsum addition, 0 and 10% of limestone addition. . 200
F.8 Thermo Gravimetric Analysis, water loss up to 550oC. Sample with high C3A
clinker cement, increasing gypsum addition, 0 and 10% of limestone addition. . 201
F.9 XRD Rietveld Analysis, C3S quantification. Sample with low C3A clinker
cement, increasing gypsum addition, 0 and 10% of limestone addition. . . . . . 201
F.10 XRD Rietveld Analysis, C3S quantification. Sample with high C3A clinker
cement, increasing gypsum addition, 0 and 10% of limestone addition. . . . . . 202
List of Tables
3.1 Schema of cement mixes used . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2 Chemical Composition of raw materials, XRF analysis . . . . . . . . . . . . . . 16
3.3 XRD analysis of laboratory and commercial raw materials . . . . . . . . . . . . 16
3.4 Specific Surface and Specific Gravity . . . . . . . . . . . . . . . . . . . . . . . . 18
3.5 Standard deviation for cement phases quantified by XRD Rietveld Analysis.
Experimental data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.6 Heating mode results comparison . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.1 Composition of samples with limestone addition . . . . . . . . . . . . . . . . . . 36
4.2 C-S-H composition at 24 hours of hydration by SEM EDS analysis . . . . . . . 43
4.3 Gypsum content by dilution and added gypsum content and SO3/Al2O3 ratio . 51
5.1 Alite, gypsum, limestone systems composition . . . . . . . . . . . . . . . . . . . 69
5.2 Composition of mixes with different gypsum content . . . . . . . . . . . . . . . 78
6.1 Maturity of the system at different temperatures indicated by Isothermal Calorime-
try and Degree of Hydration from XRD Rietveld Analysis . . . . . . . . . . . . 129
6.2 Calculated Activation Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
A.1 Laboratory Cements Composition. Cements without limestone . . . . . . . . . 169
A.2 Laboratory Cements Composition. Cements with limestone . . . . . . . . . . . 170
A.3 Laboratory Cements Composition. Cements with increasing limestone addition. 171
A.4 Commercial Cements Composition . . . . . . . . . . . . . . . . . . . . . . . . . 171
A.5 XRD analysis of laboratory cement – Low C3A clinker . . . . . . . . . . . . . . 172
A.6 XRD analysis of laboratory cement – High C3A clinker . . . . . . . . . . . . . . 173
A.7 XRD analysis – laboratory cement High (8%) C3A clinker and increasing lime-
stone content and commercial cement . . . . . . . . . . . . . . . . . . . . . . . 174
B.1 Phases structures used in the XRD Rietveld Refinement . . . . . . . . . . . . . 176
E.1 Laboratory vs. Commercial Cements. Compared samples . . . . . . . . . . . . 191




Abbreviations Cement chemistry notation
BET: Brunauer, Emmett and Teller C: CaO
BSE: Back-Scattered Electrons S: SiO2
EDS: Energy Dispersive Spectroscopy H: H2O
MIP: Mercury Intrusion Porosimetry A: Al2O3
PC: Portland Cement F: Fe2O3
PSD: Particle Size Distribiution S¯: SO3
SE: Secondary Electrons C3S: Tricalcium Silicate
SEM: Scanning Ellectron Microscopy C2S: Dicalcium Silicate
TGA: Thermo Gravimetric Analysis C3A: Tricalcium Aluminate
w/c: water/cement ratio C4AF: Tetracalcium Aluminoferrite
XRD: X–Ray Diffraction C–S–H: Calcium Silicate Hydrate
CH: Calcium Hydroxide
AFt or Ett: Ettringite – C6AS¯H32
AFm or Ms: C3A·CaSO4·12H2O







Limestone is a main raw material to produce clinker, which is a main constituent of
cement. Additionally limestone can be use as a secondary cementitious material usually as
a substitute of clinker. The main reason for substitution clinker with limestone or other
secondary cementitious material is economical and ecological.
Among all supplementary cementitious materials such as slag, fly ash, natural pozzolan,
clays, limestone is the most widely available natural material, which can be directly used in
cement production. After grinding and blending with cement it can directly influence the
properties of cementitious materials. The hydration reactions are complex and still not well
understood. They are the subject of many research projects.
The aim of this thesis is to study hydration of limestone cement whit different clinker
compositions and different gypsum additions.
Limestone reacts with C3A to produce hemi– and monocarboaluminate phases. As a
consequence no monosulfate is formed and stabilization of ettringite occurs. Because cement
hydration is the sum of the multiple interactions of the hydrating cement phases the reaction
of C3A with limestone has a direct influence on the later properties of cementitious materials.
C3A, in the cement system reacts rapidly after mixing with water which can have an influence
on the rheology and setting time of the cement. To regulate the C3A reaction calcium sulfate
is added to the system. The addition of limestone to the cement influences the C3A reaction.
Hence the interest in studying how limestone additions changes the properties of cement with
different C3A and gypsum contents.
In this study laboratory and commercial cements with low and high C3A contents, different
gypsum addition and different limestone additions were investigated in terms of kinetics,
phase assemblage, microstructural development and durability. The properties of laboratory
prepared cements were compared to commercial cements.
The layout of the thesis is as follow:
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Chapter 2 contains a literature review on limestone cement, the main findings in the liter-
ature on limestone on the hydration and properties of cementitious materials.
Chapter 3 presents the materials and methods used in this study. It explains the compo-
sition and nature of the samples tested and the techniques used. Improvements of XRD and
Rietveld Analysis are shown. Is demonstrated the possibility of using elastic modulus as a
nondestructive method of measuring compressive strength.
Chapter 4 consists of two parts. The first part focuses on monocarboaluminate (Mc) and
hemicarboaluminate (Hc) formation by comparison of cement with 0 and 10% of limestone
addition and low and high C3A clinker. The time of formation of Mc and Hc is investigated
and the effect of their amount as a function of the cement composition especially C3A content.
In this part gypsum addition is at the optimum (the highest strength at 24 hours of hydration).
The second part presents the influence of increasing limestone addition on the properties of
the laboratory prepared cements with high C3A clinker and gypsum at optimum.
Chapter 5 presents the influence of different amounts of gypsum on the hydration and
properties of cement with low and high C3A clinker. The dependency of the optimum gypsum
on the cement composition is studied. The influence of gypsum in the pure alite–gypsum–
limestone system also is presented in this chapter.
Chapter 6 presents the influence of temperature on the cement with different C3A, gypsum
and limestone content and activation energies for each cement.
Chapter 7 shows influence of limestone and gypsum on the durability, sulfate attack and
sorptivity.




The influence of limestone on the durability and properties of cementitious materials de-
pends on many aspects, such as the method of cement preparation (intergrinding or blending),
amount of limestone which is added and its physical properties (fineness, particle size distri-
bution), fineness of cement, amount of main phases in the cement system, amount of water
used in the cement mixing. However regardless of the cement composition up to certain level
of clinker substitution limestone additions improve the properties of cementitious materials
and above this level the properties are deteriorated. The limit can vary as a function of
cement composition and fineness. In this chapter the main literature findings are presented.
2.1 Early hydration kinetics and phase assemblage
2.1.1 Early hydration kinetics
The presence of limestone in the cement system changes the hydration process from the
beginning of hydration. First of all limestone provides nucleation sites for hydration products,
which may increase the rate of hydration of the clinker. Pastes of pure C3S with limestone
give higher heat evolution by Isothermal Calorimetry, normalized to cement content than
paste composed only of C3S and water (Fig. 2.1) [59].
Limestone is also reported to increase reaction, as measured by bound water [38]; and
increases CH content [81]. Sharma and Pandey [81] reported that 5% limestone affects the
calcium hydroxide as the presence of limestone enhances the formation of CH at early ages
until 1 day [81]. Even 5% of limestone addition results in an acceleration of the early hy-
draulic activity of the clinker [71] [85]. If the w/binder ratio is the same as plain cement, the
water/clinker ratio increases, and more water is available for hydration reaction. Bonavetti
[8] reported that limestone addition increase the degree of hydration at all times of hydration
and for different water/cement ratios [8] (Fig. 2.2).
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Figure 2.1: Isothermal Calorimetry data for: C3S and C3S+CaCO3 [59].
Bouasker et al [10] studied hydration degree and chemical shrinkage of paste with different
limestone contents and w/c ratios and also found that limestone increases the degree of
hydration when 20 and 40% of limestone is incorporated in comparison to sample without
limestone. However the increase in limestone addition from 20 to 40% did not lead to any
additional increase in the degree of hydration. They also reported that limestone addition
increases chemical shrinkage up to 24 hours of hydration [10].
Setting time is affected by the presence of the limestone. Kenai [41] reported that in-
creasing the limestone addition to 35% leads to a decrease in setting time of 40 min (initial
setting time for samples without limestone is 3 hours and with 35% of limestone it is 2 hours
20 min). Others suggested that this is due to acceleration of hydration of C3A by CaCO3 to
form carboaluminates and of C3S to form C-S-H and CH in cement [71].
All the findings show that limestone has an influence on hydration by incorporating addi-
tional nucleation sites and space for hydration. However limestone additions may also modify
the hydrated phases formed during hydration.
Figure 2.2: Degree of Hydration for paste with increasing limestone addition and different
w/c ratio[8].
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2.1.2 Phase assemblage
It is now well understood that limestone is partly reactive in cement systems, it reacts
with C3A to produce mono- and hemicarboaluminate phases[38] [51]. The formation of car-
boaluminate phases leaves more sulfate available to form ettringite therefore increases are
observed in the amount of ettringite formed [9] [38] [49] [51]. The additional ettringite formed
increases the total volume of hydration products and this can contribute to the reduction of
porosity and permeability of cement paste [51]. However there are many disagreements about
the time when the Hc and Mc phase are formed and in which order. There are indications
that the first phase formed is Hc and after some time its amount decreases and Mc is formed
[49], but also a suggestion that first Mc and later Hc is formed [38]. According to different
authors the formation of Mc can start at the beginning of the hydration [38], or at 1,2 [3], 3
days [9] or just at 7 days of hydration [49]. Almost all researchers, however, show that amount
of Mc increases up to 28 days of hydration [3] [38] [49] . Although the reactivity of limestone
in the cement system is established, the amount of limestone which is able to react is still
not clear. Matschei et al [51] claims that from thermodynamic for a typical portland cement
composition up to 5% of calcite reacts. However others have found that in cement with 5%
and 15% of limestone after 129 days of hydration only 1%, 1.5% of the calcium carbonate
respectively is reacted [44]. It is claimed that the reaction of limestone with C3A allows
limestone to regulate early aluminate reactions. However limestone has lower solubility than
gypsum thus the sulfate ions enter more quickly into solution than carbonate ions. Therefore
calcium carbonate is not as effective as gypsum in controlling setting.
2.2 Physical properties with limestone addition
2.2.1 Particle size distribution
It is well recognized that limestone can improve the physical properties of cementitious
materials such as particle size distribution, water demand and workability [8] [22] [23] .
Limestone additions can improve the particle size distribution by incorporating additional
size of grains, different to clinker. Clinker has narrower size distribution compared to the
limestone which can be seen in Fig. 2.3 [76].
The particle size distribution of limestone depends on the method of preparation. Inter-
grinding or blending give totally different particle size distributions. By blending the particle
size distribution can be suitably adjusted to the application. When the cement is made by in-
tergrinding of the constituents, the differences in their grindabilities strongly influences each
other and so the particle size distribution [76]. There is a concentration of clinker in the
coarser fraction material which is harder and concentration of limestone in the finer fraction
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Figure 2.3: Rosin-Rammler-Sperling-Bennet diagram of clinker and limestone and limestone
cement [76].
material which is in general softer. A Rosin–Rammler–Sperling–Bennet diagram (Fig. 2.3)
shows the particle size distribution for clinker, limestone and a mix of this two. It can be
observed that the particle size distribution is narrower for clinker and the position parameter
(x’) (the equivalent spherical diameter which 38.6% by mass of the material is coarser than) is
25µm, while for the limestone it is 5µm. The production of 50MPa strength cement without
any additives requires the position parameter at the level of 30 µm, for cement with 10% of
limestone it is 26 µm and for 20% 14 µm [32].
2.2.2 Workability
The water demand decrease when the particle size distribution is wider and increase when
particle size distribution is narrower. However Shiller and Ellerbrock [76] reported that in
Portland limestone cement which contains 10% of limestone, regardless of a narrow or wide
particle size distribution, had a decreased water demand. Moreover even when the cement
with limestone is ground to a finer fraction to get the same strength as the pure cement, the
water demand is lower than pure cement because of the improved particle size distribution[76].
Limestone which has wider particle size distribution than ground clinker and less particles
in the range 5-20µm, therefore limestone grains fills the voids between clinker grains; and
densifying the structure of hardened cement paste. The fineness of the limestone is not
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reported to have a significant influence on setting [41].
Tezuka [89] reported that the workability of mortars with limestone is improved when
5% of limestone replaced clinker, the water demand reduce from 0.49 to 0.48 for the same
consistency. This dependency is constant for different amount of cement in mortars. To
compare, when the ground quartz was added in the same proportion the water demand
increased. All these results show the possibility of the optimizing the particle size distribution
in Portland limestone cements for special applications.
Kenai [41] reported that the water demand depends on the purity of limestone. When
the purity of limestone is below 65% calcium carbonate, then the inclusion from 5-20% of
limestone increases water demand for normal consistency by about 0.3% [41].
2.3 Mechanical properties
2.3.1 Strength
Soroka [85] reported that limestone additions in cement influences the strength of cement
pastes. They reported that limestone improves significantly compressive strength and this
is more pronounced at earlier ages(Fig. 2.4). They found levels of limestone which can be
substituted without adverse effect. Up to 3 day 29% could be substituted and up to 7 and 28
day 24% and 13% respectively. They concluded that limestone affects compressive strength
mainly due to the increasing rate of the cement hydration, based on the theory of filler effect,
also that if monocarboaluminate is formed it did not adversely affect strength.
The density of cement and mortars increase when filler is presented and the permeability
is lower [85]. The air-content in mortars containing filler is lower than mortars without filler,
and this can contribute to the improvement in mortar strength.
Substitution up to 10% of limestone addition doesn’t reduce the strength of cement and
concrete [48][77][85]. At the higher additions the strength is generally decreased. The loss in
strength can be reduced by finer grinding of the cement, however it depends on the cement
and limestone fineness [41]. Up to certain limestone additions, lower than 35% an optimum
of limestone fineness can be found to get the same level of strength for cements with lime-
stone addition as for Portland cements [41]. However, high replacement levels above 35% of
limestone, decrease strength regardless to the fineness of clinker or limestone.
The flexural strength also showed decrease with increasing limestone addition, but the
rate of reduction is proportionally smaller than for compressive strength [41].
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Figure 2.4: Compressive Strength of blended cements vs. percentage of the substituted
Portland Cement [85].
2.3.2 Volume changes
Kenai [41] reported that the 28 day shrinkage increased for cement containing 15% of
limestone and around 9% of C3A [41], but the shrinkage is still less than the EN 12617- 4
standard requirement. There is a little knowledge about how bigger additions of limestone
influence shrinkage. Maybe bigger amounts and lower quality of limestone can lead to higher
shrinkage. Also the amount of C3A in clinker is significant, it is reported that with low
amount of C3A (4% to 6%) the shrinkage can be higher [41].
2.4 Durability
2.4.1 Porosimetry
The durability of the cementitious materials depends on the pore structure. Most impor-
tant is the connectivity of the pores and their ability to transport the deleterious ions into the
material. The incorporation of the limestone to cement significantly changes the porosime-
try and the pore connectivity in the material. The structure with limestone is denser [84].
Matschei reported that the presence of CaCO3 in small amounts should reduce the total pore
volume [51]. Kenai [41] reported that the total porosity measure by Archimedes method for
cement pastes 5-35% of limestone ranged from 15-22% for all compositions. The porosity
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decreased with age and increase with percent of limestone addition [41]. It was also reported
that the proportion of small pores to larger pores (>500A˚) with age was higher for limestone
cement compared to OPC [41].
Pipilikaki [65] using MIP reported that the paste of limestone cement with 35% of lime-
stone addition has a lack of pores from 50nm to 10µm (large capillaries), but it has a great
amount of pores in size from 10nm to 50nm (medium capillaries) which is an effect of addition
of mineral admixtures in the cement pastes. Therefore he concluded Limestone Cement paste
has narrower distribution of pores which indicates better homogeneity of the material [65].
2.4.2 Permeability
Permeability is a most important factor in the durability of concrete expose in various
environments. Schmidt [77] reported that the materials based on cement with limestone dis-
played lower permeability than materials without limestone. This effect is not well understood
whether it is caused by finer grinding or more efficient particle packing or both [77].
Also Kenai [41] reported that water permeability is lower for concretes with limestone
filler when the 15% of limestone were incorporated to the cement [41].
2.4.3 Carbonation
Sprung [86] reported that, regardless of the strength of concrete, carbonation is increased
by presence of limestone (they were working up to 20% of limestone substitution). The
carbonation depth for concretes made from Portland Limestone Cement was deeper than
for concretes made from Ordinary Portland Cement. However, after 3 years the increase in
carbonation depth was minimal for concrete made of Portland Limestone Cement [77].
2.4.4 Freeze/thaw resistance
It is possible to make concrete with cement containing limestone with good freez/thaw
resistance. Sprung [86] reported that the concrete from Portland Limestone Cement with 20%
of limestone substitution, with the same strength as that from plain cement, had increased
resistance to frost damage. Concrete cubes exposed for 100 freeze/thaw cycles had a mass
loss less than 10% and were considered frost resistant. Up to 20% of limestone could be
incorporated into the cement and the freeze/thaw resistance maintained [86].
Sprung [86] also found that the freeze/thaw resistance depends on the quality of lime-
stone; the most important factor is the clay content in limestone, because clay can absorb
the moisture which expands on freezing [86]. Sometimes substitutions in the medium range
resulted in the worst performance. In this case 11% of substitutions in the medium range had
the worst resistance.
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A very important factor is water/cement ratio. Sprung [86] showed that for a w/c smaller
than 0.6, concrete is frost resistance [86].
Schmidt [77] also reported that the freeze/thaw resistance for concrete made from Portland
Limestone Cement was slightly better than concrete made from Portland Cement, even when
concrete cubes were stored in the salt solution and subjected to 70 freeze/thaw cycles [77].
2.4.5 Sulfate resistance
Gonzalez [31] found that limestone cement pastes with 10% of limestone addition show
no significant changes in the sulfate performance but if the limestone filler content is 20% by
mass clinker than sulfate resistance is lower than for samples made by pure cement [31].
Pipilikaki [65] reported that limestone addition decrease the sulfate resistance of the mor-
tars due to the fact the Portland Limestone Cement (35% of limestone addition by mass of
cement) has a greater critical pore diameter than Portland Cement.
Schmidt [78] related the changes in sulfate resistance to the changes in porosity. 5%
addition lowered porosity and slowed down sulfate ingress, while 25% addition increased
porosity and the rate of sulfate ingress [78].
2.4.6 Thaumasite formation
Another deterioration mechanism is thaumasite formation. Although thaumasite is stable
at 200C [78] its formation is very slow at this temperature and is favored by temperatures
below 150C, preferably below 80C.
Many authors claim that cement with limestone addition are more vulnerable to thaum-
asite formation. However the work of Schmidt [78] clearly demonstrates that this is mainly
due to the physical effect at high limestone additions, which results in a more porous matrix.
Furthermore it was shown from a thermodynamic basis that ingress of sulfate first reacted
with all available aluminate to produce ettringite before thaumasite could form. That leads
to conclusion that thaumasite formation is a final step in a degradation process which starts
with ettringite formation.
2.4.7 Chlorides
Chloride ingress causes damage in reinforces concrete. The water/cement ratio is impor-
tant. When the water/cement ratio for mortars containing 15% of limestone in cement was
0.60 the chloride penetration was deeper than for samples without limestone. When the wa-
ter/cement ratio was 0.40 the samples with limestone filler had the same chloride penetration
as sample without limestone [70].
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2.5 Summary
Limestone cements have been subject of several studies for many years. However, the
mechanism by which limestone addition affects the properties of cementitious materials is
still not well understood. It is known that limestone is reactive in the cement system and
it reacts with C3A during hydration reaction to form Mc and Hc, this directly influences
hydration and properties of cementitious materials. Furthermore, the limestone influence
on durability especially sulfate attack which is attributed to the limestone presence in the
cement, is not well understood until now.
Literature review leave many questions on limestone influence on the hydration and prop-
erties of cementitious materials based on the limestone cement. In this work following ques-
tions were investigated:
• What are the factors influencing the kinetics of Mc and Hc formation?
• How the limestone influences the hydration and properties when different amounts of
C3A are in the clinker?
• What is the role of gypsum in cements with and without limestone?
• How the temperature influences the hydration of cement with different gypsum and
limestone additions?
• Can limestone cement be resistant to sulfate attack?
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The properties of cementitious materials are influenced by many different aspects. The
compounds of cement, particle size distribution, and fineness have direct or indirect influence
on later properties of hydrated systems; therefore the materials which are used are character-
ized below.
This chapter outlines the experiments strategies and the techniques used in the study, to
understand the mechanisms of limestone addition in cement with different amount of cement
components. Multiple techniques were used on selected specimens to investigate the hydration
kinetics, hydration products and phase assemblage. Durability studies were also made on some
samples.
3.1 Objective of the study
In the present study cement systems were studied in terms of hydration kinetics, phase
formation, porosity, compressive strength and sulfate attack. Limestone and gypsum additions
in the systems were varied according to the objective of investigation.
The main focus was on the reaction of limestone with C3A and how this is influenced
by the amount of C3A. The addition of gypsum was found to have a major influence on
the properties of cement especially compressive strength. Therefore the optimum gypsum,
indicated by the highest compressive strength at 24 hours, was determined for the cements
studied and samples at optimum gypsum were major objective of the study.
Four samples, two with low and two with high C3A clinker and with 0 and 10% of limestone
were used to investigate the hemicarboaluminate and monocarboaluminate formation and how
C3A content in the clinker influences the limestone reaction. The influence of limestone on
hydration with different C3A content clinker was further investigated in terms of porosity and
compressive strength and sulfate attack.
Second objective was to investigate how increasing limestone addition can influence hydra-
tion and properties of cementitious materials. Clinker with high C3A content was chosen for
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this study with 0, 5, 10, 15, 20% of limestone addition. The literature shows that increasing
limestone addition decreases compressive strength. The optimum gypsum for these systems
was extrapolated from the values for the 0 and 10% blends.
Finally the variations of gypsum around optimum content were investigated and the ex-
planation for the significant differences in compressive strength with different gypsum content
studied in terms of hydration kinetics, phase consumption, hydration products and porosity.
Samples were composed with low and high C3A content with different gypsum content from
2.2 – 9.0%. The effect of limestone addition on gypsum optimum was investigated.
During the study laboratory cements were prepared by Holcim Group Support. In order
to study the relevance of laboratory cements they were compared with commercial cement.
Four different cements, 3 with low C3A clinker and 1 with high C3A clinker were received
from a commercial cement plant.
3.2 Primary Materials Characterization
The laboratory cements consisted of two types of clinker with low and high C3A content,
with various levels of gypsum addition. Each mix of clinker with gypsum was substituted by
10% of limestone addition to keep the same Gypsum/Clinker ratio for each pair of samples.
Samples with increasing limestone content were also used and here the gypsum content was
kept at the supposed optimum level extrapolated from 0 and 10% blends. The second stage
was comparison between cements made in laboratory and at the cement plant. The commer-
cial cements came from Holcim Group Support, however their composition shows differences
from those make in the laboratory which makes comparison difficult.
The scheme of the samples and additions is presented in the Table 3.1
Table 3.1: Schema of cement mixes used
Cement Laboratory Cement Commercial Cement
Clinker Low C3A High C3A Low C3A High C3A
Gypsum [%] 2.2 3.9 5.5 6.0 9.0 3.8 5.5 6.0 9.0 6.5 5.5
Limestone [%] 0 0 0 0 0 0 0 0 0 4
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Abbreviation The following abbreviation is used in the text:
H10Cg3.5 where:
H – high C3A clinker
10 – limestone content [%]
C – calcite
g – gypsum
3.5 – gypsum content [%]
3.2.1 Raw materials characterization
The raw materials were blended by Holcim Group Support. In the Table 3.2 the
chemical composition and in the Table 3.3 phase composition of raw materials are
presented.
3.2.2 Cement blend characterization
The composition of the cement blends is presented in the Annex: Tables A.1, A.2,
A.3 and A.4.
Anhydrated samples were characterized by:
1. XRF – Chemical Characterization – Table A.1, Tables A.2, A.3, A.4
2. XRD – Crystalline Phases Characterization – Tables A.5, A.6, A.7
3. TGA – Thermo Gravimetric Analysis – Fig. 3.1 comparison with XRD
4. Malvern – Particle Size Distribution – Tables A.1, A.2, A.3
5. Helium Picnometer – Specific Gravity – BET, Blain – Specfic Surface – Table 3.4
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3.2.2.1 XRD and TGA analysis comparison
Calcite and gypsum content can be quantified by both XRD and TGA. The com-
parison of the results are shown in Fig. 3.1 a.
The amount of calcite is in good agreement by both quantification methods. How-
ever there are some discrepancies between what should be in the samples and what
was obtained by XRD and TGA analysis. The error of measurement has to be taken
into account. The error in XRD Rietveld analysis for 1 wt.-% of calcite is ± 0.3 wt.-%
for 2wt. -% amount of gypsum is ± 0.4wt.-%. The quantification for calcite is good.
The gypsum quantification contains bigger errors due to the smaller amount of gypsum
in the sample and also three different phases which are separately quantified by XRD
analysis.
TGA and XRF are in good linear agreement (Fig. 3.1 b), however XRF shows
systematically 1% more SO3 than TGA due to certain amount of sulfate which is
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(a) XRD vs. TGA quantification method. Compari-
son of the results of both techniques. Quantification
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(b) XRD vs. TGA vs. XRF quantification method.
Comparison of the results of both techniques. Quan-
tification of SO3 content.
Figure 3.1: XRD, TGA, XRF method comparison. Quantification of SO3 in cement.
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3.2.2.2 Particle Size Distribution, Specific Surface and Specific Gravity
Cements were prepared by blending. During the study two different batches were
used. Their particle size distribution varied slightly and is presented in the Figs 3.2
and 3.3. These variations sometimes made comparisons difficult. The particles size
distributions for other mixes are compiled in the appendix Figs A.1, A.2 and A.3.
Limestone shows a bimodal distribution with about 60% centered around 2µm and a
coarse fraction centered around 35µm. The PSD of cement is dominated by clinker, the
high C3A clinker has more particles below 10µm than low C3A clinker. The commercial
cements are coarser with particles mainly above 10µm in comparison to laboratory
cements.
The specific surface of the cements powders showed that the cement which is used
has fine particles (Table 3.4) and there are only slight differences in their specific surface
and specific gravity.
Table 3.4: Specific Surface and Specific Gravity
Sample Specific Surface Specific Gravity
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Figure 3.3: Particle size distribution. Batch comparison. Cements with high C3A content.
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3.3 Preparation of samples
Cement pastes The cement pastes were prepared by mechanical mixing (500rpm)
of cement with water at w/c=0.40. The samples were cast in cylinders, and stored
in a room at constant temperature 20oC. On the bottom and top of each cylinder a
small amount of water was kept to provide saturated conditions. At certain times three
slices were cut from the samples and immersed in isopropanol for five days to stop the
hydration reaction. Afterwards the samples were dried in a desiccator for next five days
then measured.
The solid cement pastes were studied by XRD, TGA, MIP and SEM. For the XRD
experiment, powders were obtained by grinding of the piece of solid paste in the mortar.
For SEM, TGA and MIP pieces of solid cement paste of appropriate dimensions were
tested.
Isothermal Calorimetry, Continuous XRD, Chemical Shrinkage, Autogenous Shrink-
age and Vicat test were performed on the fresh cement pastes.
To study the effect of the temperature cement pastes were stored in the different
temperature baths at 10oC, 20oC and 30oC for a total duration of the experiment.
For the Continuous XRD the cement paste was directly cast in the XRD steel
mould, covered with thin capton film and directly exposed in the XRD apparatus. The
temperature in the XRD chamber was 23.5o.
Mortars were mixed with w/c=0.50 and cast in 40x40x160mm steel moulds. Samples
were demoulded after 24 hours, or earlier if the experiment demanded it. The prisms
were kept above the level of water in a closed box up to certain age, and after that
tested.
Compressive Strength tests were done on the prisms 40x40x160mm at 10 hours, 1,
7, 28 and 90 days of hydration. For each time three prisms were tested.
For compressive strength tests at different temperatures prisms were stored in dif-
ferent temperature chambers until the required age and then tested.
3.4 Methods
3.4.1 X-Ray Diffraction – XRD
X–Ray Diffraction is a powerful technique which allows crystalline phases to be
studied in cement systems. Each crystalline phase has a unique X–ray diffraction
pattern determined by the spacing of the crystallographic planes described by Bragg’s
law Eq. 3.1. So it is possible to distinguish the particular phases from the XRD pattern.
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nλ = 2dsinθ (3.1)
With development of the Rietveld Analysis (1969) there is a possibility to quantify the
amount of phases in the cement mixture[20] [61] [66] [74] [79] [95].
Rietveld Analysis entails comparison of the experimental pattern with a simulated
pattern of a mixture consisting of known phases. All patterns for known crystalline
phases are combined in Inorganic Crystal Structure Database (ICSD). The comparison
is based on multiple parameters such as the presumed amounts, crystal parameters,
and equipment parameters. The simulated pattern is fitted using least squares fitting.
Samples type used in the XRD depends on the cement system and required result
and can either be powders, solid or paste. To analyze the composition of anhydrous
cement powder samples are used. With hydrated samples powder or solid paste can be
used. Solid samples are a slice of cylinder which fits the holder diameter. This can be
freshly cut or measured after stopping hydration. Powder samples are usually ground
solid samples fresh or after stopping hydration.
XRD measurement parameters All data in the presented study were collected using a
PANalytical X’Pert Pro MPD diffractometer in a Θ–Θ configuration employing CuKα
radiation (λ=1.54A˚). The divergence slit size was fixed and equal to 0.5o. The samples
were scanned in a rotating stage between 7 and 70o with a step size of 0.0167o acquired
for 77.470s, with a scan speed of 0.027396. The total scan time was 40 minutes.
3.4.1.1 XRD analysis in the limestone cement systems – crystals susceptible to pre-
ferred orientation
The compaction of powder into the sample holder may cause some crystallographic
planes to orient to one of the compacting direction. This phenomenon can create
a systematic variation in diffraction peak intensities, and significantly influence the
quantitative results of sample composition. The phases in the cement system most
susceptible to preferred orientation are gypsum, anhydrite, hemihydrate and calcite.
In Rietveld Analysis a certain degree of preferred orientation can be corrected by the
March model [21].
The initial analysis of slices of the limestone cement systems, calcite (Fig. 3.4) and
ettringite (Fig. 3.5) were found to show a high degree of preferred orientation which
caused many problems of phase quantification. The preferred orientation of calcite is
probably due to the very small size of the limestone grains which means that they can
be aligned during cutting. Traditional methods of preparing powder samples such as
frontloading with frosted glass side compaction or vertical loading and also backloading
21


























Figure 3.4: X–ray diffraction results. Comparison of the two methods for limestone cement

























Figure 3.5: X–ray diffraction results. Comparison of the two methods for limestone cement
samples preparation, ground and sliced. Ettringite quantification.
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Figure 3.6: X–ray diffraction results. Comparison of the two methods for limestone cement
samples preparation, ground and sliced. Monocarboaluminate quantification.
did not give good results either. Therefore a new way of treating samples was developed.
First the samples were ground before XRD measurement. The powder was placed in
the steel mould (3.5cm) and compacted using a long spatula. The powder compaction
consisted of the continuous displacement on the sample surface with up and down
movements. All the moves were made in a short time and are repeated several times,
each time the angle of the spatula is rotated relative to its previous position around 15
degrees. This process avoids additional pressing on the sample, which could produce
preferred orientation for calcite. The only disadvantage of presented method was drying
of the samples in isopropanol and later in desiccator before measurement. This was
found to have negative influence on ettringite crystals, which losses its crystallinity in
isopropanol. However method could be easily used for fresh cement pastes.
In Fig. 3.7 diffraction traces for the same sample by the two techniques are com-
pared. For powders the patterns shows more background noise probably due to a
greater roughness of the compacted powder samples in comparison to solid slices. A
consequence of this increased roughness is that small peaks, for example the hemicar-
boaluminate (Hc) peak are less visible in the powder samples patterns. Monocarboalu-
minate is more apparent maybe due to carbonation of the hemicarboaluminate in the
powder sample. The other difference is in the intensity and visibility of certain peaks.
The biggest difference is between patterns of sliced samples and powdered samples for
monosulfoaluminate. In the patterns of sliced samples monosulfate is almost not vis-
ible. This is due to preferential oriented ettringite which influences the identification
23
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Figure 3.7: XRD patterns for techniques of sample preparation, grounded – powders and
slices. Sample with low and high C3A clinker with (dark line) and without (light line) 10%
of limestone.
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of monosulfate. On the other hand the quantity of ettringite may be lower in these
powdered samples due to the loss of crystallinity due to immersion in isopropanol.
With the new way of treating samples we were able to eliminate the preferential
orientation factor and more precisely quantify the phases. Moreover phases such as
monocarboaluminate, are visible earlier (Fig. 3.6). Additionally to avoid use of iso-
propanol, which has negative influence on ettringite this technique could be used to
analyze fresh cement pastes.
The development of the compacting technique allows the hydration reaction to be
followed quantitatively, reproducibly and with minimum error. Additionally the powder
samples allow better identification and quantification of AFm phases.
Error of the measurement The error of the measurement was calculated by repetition
of experiment on the sample. Three samples of the same specimen were tested and
analyzed using Rietveld Analysis. The standard deviation of the measurements are
presented in the Table 3.5.













3.4.2 Thermo Gravimetric Analysis – TGA
TGA it is a method of determining the sample composition by detecting the sample
mass loss with increasing temperature and comparison with the thermal data for pure
phases possible present in the sample. The mass loss curve obtained is later transformed
into derivative form where weight loss effects are more visible.
In the cement field TGA is mostly used for following hydration reaction [27] [69]
and phase identification [14] [45] [72] and studying the effect of pozzolanic additives
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[26] [40].
In this project a Mettler–Toledo TGA/SDTG 851 instrument was used for ther-
mogravimetric measurements. Mostly 10oC/min was used in the range of temperature
30oC up to 900oC. A 30ml/min nitrogen flux was used in the chamber during the heat-
ing in order to avoid carbonation of the samples during the experiment. Water loss from
dehydroxylation of the cement phases was measured using both tangent and horizontal
method, and it was dependent on the phase.
3.4.2.1 TGA possibilities
The limitation of linear heating of the treating sample is the overlap of phases decom-
position ranges and difficulties with the exact phases identification and quantification.
In Fig. 3.8 three region of phase decomposition are visible.
The first region corresponds to the C–S–H and AFm AFt decomposition. The mass
loss for these phases overlap, which makes quantification difficult.
Therefore other ways of heating samples were studied to try to better distinguish
which phases are present.
A second method is to heat the sample up to temperature of the maximum of the
peak, previously indicated by standard method, with the speed of 10oC/min and keep
the sample at this temperature for another 15 min (plateau). The two methods are
compared in the Figs 3.8, 3.9.
Table 3.6: Heating mode results comparison
TGA heating methods
Linear Step
Total mass loss [%] 18.35 19.37
Loss up to 450oC [%] 13.26 12.86
Portlandite amount [%] 11.01 10.76
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Figure 3.8: TGA analysis. Heating mode – linear 10oC/min.
Figure 3.9: TGA analysis. Heating mode – step method.
Figure 3.10: TGA analysis. Heating mode – linear 10oC/min – hemicarboaluminate (Hc),
monocarboaluminate (Mc) and calcite.
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Figure 3.11: TGA analysis. Hemicarboaluminate decomposition at different heating mode.
The step method allows to separate peaks which can be distinguish in all three
regions however the number of peaks multiplied. The comparison of results in the
Table. 3.6 show agreement in phases quantification for both methods. However there
are some additionall peaks visible on the step method result curve. Those small peaks
before main peaks could be an artefact. Consequently this method was not used further.
The pure phases were prepared to see the influence of the different method on the
one phase decomposition pattern. First the Hc, Mc and limestone were tested under
linear method conditions all the results are on the Fig. 3.10. The decomposition pattern
for limestone shows only one main peak with its maximum at 820oC. The pattern of
Hc and Mc are very similar there is only one peak at 450oC which is present for Hc and
not present for Mc. In Fig. 3.11 the patterns of Hc decomposition in different modes
is presented. The results show that with increasing amounts of steps the number of
decomposition peaks increases. For a pure phase those effects are mostly artifacts
created during analysis of the sample.
The method used in future experiments was linear method for all tested samples by
Thermal Gravimetry Analysis.
3.4.3 X-Ray Fluorescence (XRF)
X–Ray Fluorescence measurement was performed by external laboratory APC So-
lutions SA, CH–1021 Degens. The equipment used was a Bruker AXS S4 Explorer
spectrophotometer operating at a power of 1 kW and equipped with Rh X–ray source.
Used crystals are OVO55FC for Na, F, Cl with 0.46o divergence collimator, PET for
Al, Si, P and Mn with 0.23o divergence collimator and LiF220, with 0,23o divergence
collimator for all other elements.
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3.4.4 Particle Size distribution
Particle Size Distribution was measured using a Malvern Mastersizer type S laser
beam granulometer. The particle size range for this measurement is 0.05 to 900µm in
dispersion. Cement powders were dispersed in isopropanol.
3.4.5 Specific Surface and Density
Density measurements were done using a Micromeritics Accupyc 1330 V2 instru-
ment. Specific surface (BET) was measured using a Micromeritics Gemini 2375 V4
instrument.
3.4.6 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy is a very powerful technique and in the last 25 years
this method of cementitious materials study has been developed and widely used. The
study of microstructures by SEM and BSE of polished surface gives a lot of advantages:
representative cross–section; wide range of magnification; contrast dependent atomic
number; reproducible for a given sample, etc.
Backscattered electron (BSE) images were taken using FEI quanta 200 with tungsten
filament. The accelerating voltage was set to 15keV. For this measurement all samples
were previously impregnated with epoxy resin and polished using a Struers Rotopol
machine, with increasing diamond powder particles from 9µm to 1/4µm. The protocol
for polishing of the samples depended on the age of the sample. The regular procedure
was 90min at 9µm, 45min at 3µm, 45min at 1µm, and if necessary 15min at 1/4µm.
The lubricant used was laboratory petrol. Force acquired on the samples was 20kN.
3.4.7 Mercury Intrusion Porosimetry (MIP)
The principle of MIP is the measurement of the volume of mercury which was able
to penetrate the pore structure of the sample under pressure. The pressure with which
mercury is introduced into sample is controlled which allows the pore size distribution
to be obtained based on the inverse relationship between the pore radius (r) and the
pressure (P), given by the Washburn equation (Eq. 3.2).
r = −2gcosΘ/P (3.2)
where:
g – surface tension of mercury (480 Dyne/cm)
Θ – contact angle of mercury on the solid material (145o)
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Measurements were done using Porotec Pascal 140 and Pascal 440. A few small
pieces of solid cement paste previously immersed for 5 days in isopropanol and dried
in a desiccator to stop hydration, were put into empty and dry dilatometer. The total
weight of the sample was around 1g. The dilatometer with the sample was placed in the
apparatus Pascal 140, where mercury was introduced into the dilatometer and pressure
up to 140MPa. The pressure increment is monitored. After dilatometer with sample is
put into Pascal 440 where the pressure can reach 440MPa.
There are few assumption in the MIP techniques:
• Surface tension of mercury and contact angle do not change during the analysis
• So called pore size distribution is really the volume accessible through pores of
entry
• The pore structure skeleton is not deformed during applied pressure
3.4.8 Isothermal Calorimetry
Isothermal Calorimetry is a technique which allows the kinetics of the hydration




















Figure 3.12: Isothermal Calorimetry curve typical for Portland cement hydration.
I stage – Initial Dissolution – occurs immediately after the contact of cement with
water and corresponds to a rapid release of heat . Some precipitation of C–S–
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H, and AFt and hydration of hemihydrate can also occur. The length of Initial
Dissolution is around 10 minutes.
II stage – Induction – it is a slow reaction period whose duration is up to about
3 hours and can change with temperature, composition of cement, w/c ratio,
chemical admixtures etc.
III stage – Acceleration – silicate reaction proceeds rapidly up to maximum of heat
evolution to give C–S–H and CH as main products.
IV stage – formation of C–S–H and CH decelerates, the aluminate reaction is in its
maximum.
V stage – controlled by diffusion, the hydration reaction is slow.
Isothermal Calorimeter from TA, TAM Air was used in the study. It has 8 twin–
type sample channels, one dedicated to the sample and one to the reference. The
reference material was distilled water. Sample of cement paste and water were placed
in a glass ampoules of 20ml, followed with immediate placement of the ampoules in the
calorimeter. The mass of cement paste used was 10 grams.
3.4.9 Chemical Shrinkage
The volumetric approach was used to measure chemical shrinkage. The set up used
was assembled in our laboratory for this purpose. The procedure consists of placing
about 3.5 grams of cement paste into a plastic container which was then filled with water
to the top and covered with rubber stopper through the center of which passed an 1–ml
water filled capillary tube. The water used is deionized water and on the top a drop
of colored oil is added as an indicator to follow the reaction and to avoid evaporation.
The plastic container with the glass tube is then immersed in a thermostatic water bath
kept at constant temperature, in this project it was 20oC and 30oC.
During the hydration reaction, the chemical shrinkage changes are indicated by the
diminishing water level in the glass tube. A webcam connected to a computer, every
5 min is recording a photo of the glass tube with a colored oil indicator that allows
automatic acquisition and processing of the data. Each cement paste had 3 replicas to
get better statistical result.
3.4.10 Compressive and Flexural Strength
Compressive and flexural strengths were measured using a hydraulic press. The
samples were mortar prism of 40x40x160mm dimension. The strength was measured
at different times 10, 24 hours, 7, 28, 90 days. Up to the age of the test, samples were
kept in a humidity box, above the water level and at 20oC.
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3.4.11 Elastic Modulus
Elastic materials possess resonance frequencies that are determined by the elastic
modulus, mass and geometry of the specimen. The dynamic properties of material can
be computed (if geometry, mass and mechanical resonant frequencies are measured).
Dynamic Young’s Modulus is determined using resonant frequency in their flexural
or longitudinal mode of vibration. Dynamic Shear Modulus is found using torsional
resonant vibrations. Dynamic Young’s Modulus and dynamic shear modulus are used
to compute Poisson’s ratio.
Young’s Modulus and shear modulus were determined and calculated according to
ASTM E1876–01, on the mortar prism of 40X40x160mm dimension. A wave is initiated
in three possible modes. It may be difficult to obtain a stable value of the longitudinal
mode. There is a possibility to determine shear modulus directly from torsional mode,
afterwards by iteration with the knowledge of the shear modulus the Young’s modulus
can be computed.
3.4.11.1 Elastic Modulus to determine compressive strength
The elastic modulus can be used to estimate compressive strength (Fig. 3.13). Every
compressive strength measurement was preceded by an elastic modulus measurement
and all the results were combined in Fig. 3.13. The results show that there is a good
agreement between Elastic Modulus and Compressive Strength. Elastic modulus is a
nondestructive method therefore the same sample can be used to determine compressive
strength at all ages and additionally an error coming from sample preparation, while
during standard compressive strength test is diminished while using Elastic Modulus.
Moreover at young ages the modulus increases more rapidly than compressive strength,
so it is more sensitive to differences between samples.
The function for the fit line was found and is presented in Eq. 3.3.
f(x) = −0.30 + 0.12x+ 0.033x2 (3.3)
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Figure 3.13: Young’s Modulus vs. Compressive Strength
3.4.12 Sulfate Attack
For this test, mortar prisms of 40x40x160mm, with a metal pins of 50mm in the
middle of both ends were cast. These were kept for 28 days in a humidity box, above
the water level. After that their surfaces were cut to obtain prism of 20x20x160mm and
placed in the Na2SO4, 3g/l solution. 6 prism per cement were immersed in the sulfate
solution. The volume of the solution was 9l, and the volume to solid ratio was 23.4.
After certain period of time the expansion of the mortar prism was measured. During
the first month of measurement the prism were measured each week. Later up to one
year each 2 weeks. Later each three four weeks. The solution was exchanged each two
weeks to keep the pH at the same level, around 8.
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Limestone addition in the low and
high C3A clinker cements
In this chapter the influence of increasing amounts of limestone on the hydration
and properties of cement with different C3A clinker contents and gypsum contents will
be presented.
In the first section the influence of C3A content on limestone reaction and hemi–
and monocarboaluminate formation is presented, by investigating four samples. Two
samples with low C3A clinker with 0 and 10% of limestone and two with high C3A
clinker with 0 and 10% of limestone.
The second section concentrates on investigation of influence of increasing limestone
addition on the properties of cement with high C3A clinker content. High C3A clinker
cements are laboratory prepared cements.
Influence of limestone addition was investigated by calorimetry, phase assemblage
(XRD, TGA), porosimetry and compressive strength.
Composition of all cements used in this chapter is presented in the Table 4.1. The
full chemical analysis is given in Annex Section A.
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Table 4.1: Composition of samples with limestone addition
Laboratory cement Commercial cements






1.55gypsum 5.5 gypsum 6.5





1.37gypsum 5.0 gypsum 6.5

























4.1 Influence of C3A amount on the hemi- and monocarboalu-
minate formation
The influence of limestone addition on cements with different clinker compositions
were investigated to determine the time of formation of carboaluminates and their
influence on the properties of cementitious materials.
The present study looks into hemicarboaluminate (Hc) and monocarboaluminate
(Mc) formation with respect to C3A content. Optimum gypsum content indicated by
the highest compressive strength at 24 hours was kept for each sample.
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Figure 4.1: Compressive Strength at different ages. Samples with low (L=3%) and high
(H=8%) C3A content, with and without 10% of limestone addition. Gypsum content at
optimum.
Fig. 4.1 shows the compressive strength of the 4 cements composed of two different
clinkers with low (3%) and high (8%) C3A content and with 0 and 10% of limestone
addition. At 10 and 24 hours the strength of the cement with 10% of limestone is
virtually identical to the reference cements with no addition. At 28 days, the cements
with limestone have slightly lower compressive strength than their references (sample
without limestone), but by 90 days the compressive strength for cement with the low
C3A clinker and 10% of limestone is significantly lower than its reference sample. On
the other hand for the cements made with the high C3A clinker the strength of the
cement with 10% of limestone is only slightly less than the reference sample without
limestone.
The shortfall in strength development at longer ages can be attributed to the ex-
haustion of anhydrous clinker phases, which are presented in lower amounts due to
substitution by limestone addition. On the other hand with limestone addition clinker
phases can hydrate more completely due to extra space available in limestone blends,
however increase in hydration does not compensate for low compressive strength of lime-
stone. The comparatively better performance of the high C3A clinker suggests that the
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formation of carboaluminate phases partially compensates for the lack of hydratable
clinker phases.
4.1.2 Calorimetry
In the Figs 4.2 – 4.5 the calorimetry results for the different cements, normalized
per gram of clinker are presented. In each case two different batches were used. In the
case of the cement with low C3A clinker all the curves show a main hydration peak,
from alite, with a slight shoulder about one third of the way down the deceleration part
due to aluminate reaction on exhaustion of the sulphates [29] [68].
In both batches the addition of limestone, shifts the acceleration period about 1–2
hours earlier. However the slopes in the acceleration period are practically the same.
The height of the alite peak increases for one batch and decreases for the other. These
differences might be attributed to differences in Particle Size Distribution for different
batches.
In the cements with the high C3A clinker the shoulder peak from the reaction of
aluminate phase is much more pronounced, in fact two subsidiary peaks can be seen in
the deceleration period. Also the main alite peak is higher corresponding to the higher
alite content of this clinker. There is little effect of limestone on the time of onset of
the acceleration period, which even in the cement without limestone is much shorter
than for low C3A clinker cement.
Again the effect of limestone on the height of the main alite peak seems to vary
with the different batches as presented in the Section 3.2.2.2. In one pair of curves the
slopes in the acceleration period are the same, while in the other the slope is steeper
with limestone.
It seems that the influence of limestone on hydration kinetics can be obscured by
other parameters such as particle size distribution of cement, variations in mixing,
etc. On the other hand tendency of limestone to increase the hydration of clinker is
confirmed in Section 5.3.2.
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Batch IL0Cg5.5
L10Cg5.0
Figure 4.2: Isothermal Calorimetry data. Samples with low (L=3%) C3A content, with 0 and
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Batch IIL0Cg5.5
L10Cg5.0
Figure 4.3: Isothermal Calorimetry data. Samples with low (L=3%) C3A content, with 0 and
10% of limestone addition. Batch II.
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Figure 4.4: Isothermal Calorimetry data. Samples with high (H=8%) C3A content, with 0
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Batch IIH0Cg6.0
H10Cg5.0
Figure 4.5: Isothermal Calorimetry data. Samples with high (H=8%) C3A content, with 0
and 10% of limestone addition. Batch II.
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4.1.3 Hydration products with limestone and different clinker composition
As described in the previous chapter, sample preparation is crucial to avoid preferred
orientation of limestone and other phases.
Qualitatively the XRD patterns confirm previous findings that calcium monosulfoa-
luminate does not form in cements containing limestone. Instead monocarboaluminate
(Mc) and hemicarboaluminate (Hc) phases form and more ettringite remains. Unfor-
tunately due to the necessity of immersing the powder samples in isopropanol to stop
hydration, ettringite could not be well quantified by XRD Rietveld Analysis. Neither







































Figure 4.6: XRD Rietveld Analysis, monocarboaluminate and monosulfate quantification.
Samples with low and high C3A, 0 and 10% of limestone addition.
Figure 4.6 shows the evolution of monocarbonate (Mc) in the limestone containing
cement compared to monosulfate (Ms) in the plain cements. The rate and amounts
formed are strongly dependent on the C3A content of the clinker. For the high C3A
system Mc and Hc are already visible at 2 days of hydration, while for low C3A system
the Mc and Hc are first visible at 7 days of hydration. Mc formation increases in both
systems up to 720 days of hydration. Hc appears at the same time as Mc in both
systems and continues to be presented up to 90 days. At 360 days no peak of Hc is
visible in either system.
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Figure 4.7: XRD Rietveld Analysis – calcite quantification and calculated calcite content.
Monosulfate is only formed in the samples without limestone and its formation also
increases with C3A content. For high C3A system it is visible already at 1 day of
hydration, while for low C3A system it is visible from 3 days of hydration. Monosulfate
continues to form up to 720 days of hydration and there is four times more monosulfate
in the high C3A system than in the low C3A system.
In Fig. 4.7 the consumption of calcite by XRD analysis and calculated limestone con-
sumption to produce Mc is presented. Results indicate that XRD Rietveld refinements
underestimates the amount of calcite. There appears to be already a consumption of
calcite at 1 day which is not reflected in Mc and Hc formation curves. For high C3A
system it is mainly consumed in the beginning up to 24 hours, later it is consumed in
a small range. It should be noted for high C3A that the error is about 2-5% which is
presented in the table Fig. 3.5. According to the calculations only 1.5% of limestone
is consumed up to 1 year of hydration in high C3A system and for low C3A system is
only 1% of total limestone which is incorporated into Mc formation.
XRD Rietveld analysis for clinker phase hydration, ettringite and portlandite for-
mation are combined in Annex LowHighL0L10H0H10allXRDSection D.0.1.
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4.1.3.1 GEMS predictions
GEMS predictions were done to calculate amount of phase formed during cement
hydration, especially monocarboaluminate.
It has to be noted that in the GEMS model default C-S-H structures are:
[(CaO)0.83 · (SiO2) · (H2O)1.33]− Tobermorite (4.1)
[(CaO)1.5 · (SiO2) · (H2O)1.83]− Jennite (4.2)
In GEMS model the Ca/Si ratio for Tobermorite is 0.83 and for Jennite is 1.5.
SEM EDS analysis were done to determine the C-S-H composition. In Fig. 4.8 an
example of result for Ca/Si and Al/Si ratios determination method is presented. The
average ratios for inner and outer C-S-H composition was chosen for further investiga-
tion. The results are presented in the table Table 4.2. The experimental Ca/Si ratios
are higher for all presented samples than in the GEMS model.
Table 4.2: C-S-H composition at 24 hours of hydration by SEM EDS analysis
Ratios
Sample Ca/Si Al/Si S/Si
 L0Cg5.5 1.97 0.233 0.11
 L10Cg5.0 2.00 0.107 0.127
H0Cg6.0 2.04 0.1124 0.109
H10Cg5.0 2.04 0.127 0.120
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Figure 4.8: SEM EDS analysis – C-S-H composition at 24 hours of hydration for sample
L0Cg5.5.
As an input in GEMS calculations the hydration of clinker phases: C3S, C2S, C3A,
C4AF obtained by XRD Rietveld analysis were used. The phases predicted by GEMS
are compared with data from XRD.
In Fig. 4.9 GEMS calculations data compared with XRD and GEMS calculation
when Ca/Si ratio from SEM EDS analysis was included. Results show much better
agreement between GEMS and XRD results.
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Figure 4.9: Portlandite formation by XRD Rietveld analysis, GEMS default settings, GEMS
with fixed Ca/Si ratio obtained by SEM EDS analysis.
The GEMS predictions of monocarboaluminate formation (Fig. 4.10) show good
agreement with XRD Rietveld analysis for sample with high C3A clinker and 10% of
limestone (Fig. 4.10 b). Sample with low C3A clinker (Fig. 4.10 a) show significant dis-
agreement in the monocarboaluminate formation in early ages, at 360 days the amount
of monocarboaluminate predicted by GEMS and measured by XRD Rietveld analysis
is similar.
One reason for the discrepancy could be the uptake of Al in C-S-H. This was adjusted
in the GEMS calculations. Although the values are lower the kinetics of formation are
still not well fitted for low C3A system (Fig. 4.10 a). High C3A cement system shows
even better fit of monocarboaluminate formation (Fig. 4.10 b).
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Figure 4.10: Monocarboaluminate formation by XRD Rietveld analysis and GEMS calculation
with default C-S-H composition and with fixed Al/Si ratio.
4.1.4 Porosity
MIP shows that limestone has very little impact on the porosity. Porosity changes
with C3A and limestone addition (Figs 4.11, 4.12). First of all the total porosity
is almost the same at every age with and without limestone addition for high C3A
clinker. For low C3A system there are differences in the range of 2% for samples with
and without limestone at each time of hydration, however the differences are in the
range of error.
There is also little influence of limestone addition on the breakthrough diameter
which is smaller with limestone addition at 10 hours of hydration in comparison to the
sample without limestone. At later ages the breakthrough diameter is the same for
sample with and without limestone for low C3A system (Fig. 4.11) and still smaller for
sample with limestone and with high C3A clinker (Fig. 4.12).
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Figure 4.12: MIP data for cement with high C3A (8%) clinker content and with 0 and 10%
of limestone addition.
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8 µm 
Figure 4.13: Scanning Electron Microscopy at 10 and 24 hours of hydration for samples
with low (3%) and high (8%) C3A clinker with 0 and 10% of limestone addition. Magnifica-
tion=6000x, HV=15kV, WD=12.5mm.
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SEM images of the systems (Fig. 4.13) show that C3A and limestone can influence
the microstructural development. Paste microstructure of high C3A clinker cement
appears denser in comparison to low C3A system at early ages of hydration up to 24
hours of hydration. It seems that there is more hydration products in the system with
high C3A in comparison to low C3A probably due to different C3S content for low and
high C3A clinker (Fig. 3.3). With limestone the difference of the product formation is
smaller between low and high C3A system, due to shortening in induction period with
limestone addition at low C3A system and accelerating hydration reaction.
4.1.6 Summary – Hc and Mc formation with different C3A content cements
• Limestone has an influence on the hydration kinetics and properties of cementi-
tious materials however its effect is small and can vary from batch to batch of
cement
• The formation of monocarbo- and hemicarboaluminate depends on the C3A con-
tent
• With high C3A content monocarboaluminate appears earlier and it is formed in
larger amount up to 360 days of hydration. The amount of monocarboaluminate
at 90 and 360 days is 9.3% and 10.3% respectively (Fig. 4.6)
• With low C3A, monocarboaluminate is not visible until 7 days of hydration con-
tinuous to increase up to 360 days. The amount of monocarboaluminate at 90
days and 360 days is 1.98% and 4.67% respectively (Fig. 4.6)
• Ca/Si ratio is higher than in model C–S–H used in GEMS model
• Comparison between XRD Rietveld analysis and GEMS calculation suggest alu-
minum uptake into C–S–H
• Little influence of limestone is visible in the microstructural development, where
there is a significant difference in microstructure between low and high C3A
clinker. The microstructure is denser in the system with high C3A content and
when limestone is incorporated the difference is smaller between low and high
C3A clinker system
• Because of the differences in product formation with limestone addition, porosity
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and especially pore size distribution is influenced by limestone addition in both
low and high systems. Total porosity is the same at high C3A clinker for sample
with and without 10% of limestone addition, while at low C3A clinker differences
between sample with without limestone is usually in a range of 2%. Breakthrough
diameter is smaller for sample with 10% of limestone addition at 10 hours of
hydration for low and high C3A clinker
• The compressive strength is not influenced by limestone addition at early ages
of hydration up to 24 hours . With limestone addition the compressive strength
is decreased at later ages 28 and 90 days of hydration. However the difference
between samples with and without limestone at 90 days of hydration in high C3A
system is lower than between samples with low C3A system probably due to twice
more amount of Mc in the sample with high C3A clinker than with low C3A clinker
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4.2 Increasing limestone addition with high C3A clinker cements
For samples with high C3A (8%) clinker, 5, 10, 15, 20% of limestone addition. The
composition of the samples and chemical composition is presented in the annex Table
A.3 and phase composition in the Table A.7.
The gypsum addition for samples with increasing limestone content were determined
by linear fit. Fist gypsum optimum for sample without limestone and with 10% of
limestone was determined experimentally by increasing gypsum content in the cement
and measuring compressive strength at 24 hours (Table 5.2.1). Gypsum content at
which compressive strength at 24 hours of hydration was the highest was considered
as the optimum gypsum. The optimum gypsum content for other limestone addition,
5, 15 and 20% were determined by linear fit of two experimentally determined points
as presented in Fig. 4.14. This indicates an optimum gypsum slightly below that from
pure dilution, however it should be noted that determination of optimum gypsum is
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Figure 4.14: Indication of the optimum gypsum for each limestone addition
Table 4.3: Gypsum content by dilution and added gypsum content and SO3/Al2O3 ratio
Sample GypsumBydilution GypsumAdded SO3/Al2O3 Bydilution SO3/Al2O3 Added
H0Cg6.0 6.0 6.0 0.98 0.98
H5Cg5.5 5.7 5.5 0.98 0.95
H10Cg5.0 5.4 5.0 0.98 0.91
H15Cg4.5 5.1 4.5 0.98 0.87
H20Cg4.0 4.8 4.0 0.98 0.82
The gypsum content by dilution is higher than the optimum gypsum content indi-
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cated by linear fitting, therefore the SO3/Al2O3 ratio decreases with limestone addition.
The difference in the gypsum content by dilution and what was added and SO3/Al2O3
ratio are presented in the Table 4.3.
4.2.1 Compressive Strength
Figure 4.15 shows the influence of limestone addition on the compressive strength
of cement with high C3A clinker cement.
The compressive strength decreases with limestone addition. The maximum de-
crease is in the range of 10MPa for the sample with 20% of limestone addition at 28
days of hydration. Up to 10% of limestone addition gives comparable values of com-



























Figure 4.15: Compressive Strength of mortars with increasing limestone addition at different
times of hydration.
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Figure 4.16: Isothermal Calorimetry with increasing limestone addition. Cement with high
(8%) C3A clinker, gypsum amount is in optimum for each sample.
In Fig. 4.16 the calorimetry data are presented. The samples are normalized with
respect to total clinker content. Limestone addition has a significant effect on the
kinetics of the cement hydration. It can be clearly seen that increasing amounts of
limestone lead to increasing acceleration of the clinker hydration. There is an increase
in the slope of the acceleration period (Fig. 4.18); an earlier onset of the aluminate
reaction (Fig. 4.19) and a more pronounced reaction of the aluminate phase.
The increase in slope of the acceleration period is due to increased nucleation sites
for C3S hydration with limestone addition. Due to the clinker substitution by limestone
and the same w/c ratio 0.40, there is also more space available for clinker reaction. The
added gypsum relative to clinker decreases with limestone addition, and is the reason
for the earlier onset of the aluminate reaction.
The total heat evolved is presented in the Fig. 4.17. With increasing limestone
addition the total heat evolved relative to clinker increases, and the rate of reaction
increases. This effect is visible from the beginning of the hydration and continues up
to 80 hours of hydration. The reason for that is relatively more space for hydrates to
grow with increasing limestone addition.
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Figure 4.17: Isothermal Calorimetry with increasing limestone addition – cumulative curve.
Cement with high (8%) C3A clinker and increasing limestone addition gypsum amount is in
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Figure 4.18: Slope of the acceleration period with limestone addition.
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Figure 4.19: Time of the aluminate reaction with limestone addition.
4.2.3 Phase assemblage
In Fig. 4.20 the Thermo Gravimetric data not normalized with respect to clinker
content at 24 hours of hydration are presented.
With increasing limestone addition the DTG curve shows three main effects. At
24 hours of hydration (Fig. 4.20) the region, which corresponds to C-S-H and AFm
phases decomposition shows a slight decrease with limestone addition and suggests.
The evolution of the peak in the first region which corresponds to C–S–H and AFm
phases decomposition, does not correlate to the evolution of the CH decomposition
peak which shows less differences between samples (Fig. 4.20). This could suggest that
with limestone addition the composition of the C-S-H and formation of ettringite and
carboaluminate phases changes.
55




















Figure 4.20: Thermal Gravimetry data for high C3A clinker with increasing limestone addi-







































Figure 4.21: XRD Rietveld Analysis data for high C3A clinker with increasing limestone
addition. C3S quantification.
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Figure 4.22: XRD Rietveld Analysis and TGA data for high C3A clinker with increasing








































Figure 4.23: XRD Rietveld Analysis data for high C3A clinker with increasing limestone
addition. C3A quantification.
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Figure 4.24: XRD Rietveld Analysis data for high C3A clinker with increasing limestone
addition. C4AF quantification.
XRD Rietveld Analysis data show slight influence of limestone on the C3S reaction
at early ages up to 24 hours of hydration (Fig. 4.21) what confirms the calorimetry
data of C3S hydration acceleration. By 24 hours the C3S consumption is similar. The
portlandite formation increases with limestone addition, however there is not a lot of
difference between different limestone additions as observed by TGA (Fig. 4.22). The
result for sample with 0 and10% of limestone addition, by XRD Rietveld analysis is
out of the trend due to differences in batches of prepared cements and it was discussed
before in Section 3.2.2.2.
Limestone addition has a slight influence on the consumption of the other phases.
C3A consumption increases slightly with limestone addition up to 24 hours of hydration,
but the difference between samples is in the range of error of the measurement (Fig.
4.23).
The situation is the same for C4AF whose consumption slightly increases with lime-
stone addition, however the difference is in the range of error of the measurement (Fig.
4.24).
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4.2.3.1 Influence on the AFm phase formation
The previous results show that C3A hydration is not significantly influenced by
limestone addition by 24 hours of hydration (Fig. 4.23).
In Fig. 4.25 monocarboaluminate formation by XRD Rietveld analysis for high C3A
clinker cements (Fig. 4.25 b – laboratory cement) and for low C3A clinker cements (Fig.







































(a) Monocarboaluminate quantification by XRD Ri-











































(b) Monocarboaluminate quantification by XRD Ri-
etveld analysis. High C3A clinker cement with increas-
ing limestone addition.
Figure 4.25: XRD Rietveld Analysis. Low and high C3A clinker with increasing limestone
addition. Monocarboaluminate and monosulfate formation up to 90 days of hydration.
There is no monosulfate observed for samples with limestone addition up to 90 days
of hydration. Increasing limestone addition does not influence formation of carboalu-
minate phases and in particular does not increase monocarboaluminate formation. The
formation of monocarboaluminate is visible only since 2 day of hydration and there is
more monocarboaluminate formed with limestone addition at each time of hydration
due to slightly lower gypsum content with increasing limestone addition and more alu-
mina available to react with limestone. Additionally with increasing limestone addition
monocarboaluminate is formed earlier due to decreasing gypsum content with limestone
addition and increasing C3A to react with limestone (Fig. 4.25 b).
Low C3A clinker cements show similar result to high C3A clinker cements (Fig. 4.25
a). Only difference is in total amount of monocarboaluminate formed. For low C3A
clinker cements there is significantly less monocarboaluminate formed up to 90 days of
hydration due to less aluminum in the system available to react with limestone (Fig.
4.25 b) and increasing SO3/Al2O3 ratio with increasing limestone addition for this set
of samples.
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(a) Ettringite quantification by XRD Rietveld analy-









































(b) Ettringite quantification by XRD Rietveld anal-
ysis. High C3A clinker cement with increasing lime-
stone addition.
Figure 4.26: XRD Rietveld Analysis. Low and high C3A clinker with increasing limestone
addition. Ettringite formation up to 90 days of hydration.
The formation of hemicarboaluminate is also influenced by limestone addition. With
limestone addition it is better crystalline as determined by XRD pattern comparison
(Fig. 4.27).
In the Fig. 4.26 ettringite formation up to 90 days of hydration is presented for low
(Fig. 4.26 a) and high C3A (Fig. 4.26 b) clinker cements. The ettringite formation is
not significantly influenced by limestone additions. For high C3A clinker cements at
early ages, up to 7 days of hydration the ettringite formation is the same with all lime-
stone additions. Around 7 days for sample with 5% of limestone addition and 28 days
for samples with 15 and 20% of limestone addition the drop of about 2% of ettringite
amount is observed and continuous later. Because there is no monosulfate observed
with limestone addition the decrease in ettringite formation could be attributed to car-
boaluminate phases formation (Fig. 4.25 a). However difference in ettringite formation
are in the range of error.
Low C3A clinker cements (Fig. 4.26 a) show similar trend to high C3A clinker ce-
ments, and ettringite formation is not significantly influenced by limestone addition.
Slight differences in ettringite formation for low C3A clinker cements with increasing
limestone addition are caused by increasing SO3/Al2O3 ratio, and more gypsum avail-
able to produce ettringite (Fig. 4.26 a).
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Figure 4.27: XRD patterns at 2 days of hydration. High C3A clinker with increasing limestone
addition. Ettringite, hemicarboaluminate and monocarboaluminate peak.
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4.2.3.2 GEMS prediction of phase formation
Rate of hydration of clinker phases measured by XRD Rietveld analysis was used as
an input in GEMS calculations. Phase formation by GEMS and XRD Rietveld analysis
were compared.
In Fig. 4.28 monocarboaluminate formation prediction by GEMS is presented. Re-
sult show that regardless of limestone content monocarboaluminate formation predicted
by GEMS is similar for all samples. Amount of monocarboaluminate does not increases
with limestone addition. It indicates that limestone reaction and carboaluminate phase
formation is controlled by aluminum availability. Slight differences are due to different
gypsum content for each sample.
In Fig. 4.29 the comparison between XRD Rietveld analysis and GEMS calculation
for sample with increasing limestone addition is presented. The gypsum/clinker ratio
decreases for each limestone addition in comparison to sample without limestone due
to optimized amount of gypsum for each sample. The best fit of monocarboaluminate
formation by GEMS with XRD Rietveld analysis is for the sample with 10 and 20% of























Figure 4.28: GEMS calculations data. Monocarboaluminate prediction formation for samples
with increasing limestone addition.
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Figure 4.29: Monocarboaluminate formation by XRD Rietveld analysis and GEMS calcula-
tions. Samples with increasing limestone addition and gypsum at optimum content.
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Figure 4.30: Mercury Intrusion Porosimetry (MIP) data at 10, 24 hours and 28 days of
hydration. For samples with increasing limestone addition.
In the (Fig. 4.30) it can be seen that the limestone addition have little effect on the
porosity. Total porosity is slightly higher with increasing limestone addition.
4.3 Summary
In this chapter the effect of increasing limestone addition on the hydration and
properties of cements with different clinker content and with limestone addition were
investigated. It was observed that limestone has an influence on the hydration and
properties of cement and it depends on the C3A content and gypsum addition in cement
Kinetics
• Regardless of the clinker composition limestone slightly steepers the accelerating
period on the calorimetry curve. The total heat evolved increases with limestone
addition
Compressive strength
• Compressive strength decreases with limestone addition
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Phase assemblage
• With increasing addition of limestone slight increase in C3S consumption
• Monocarboaluminate formation depends on aluminum availability
• C–S–H composition is different than model C–S–H, Ca/Si is higher than proposed
by model and aluminum uptake occurs
• Crystallinity of hemicarboaluminate increases with limestone addition
• Ettringite formation is not influenced by limestone addition
• Calcite consumption does not increase with limestone content in the cement
• Porosity is slightly influenced by limestone addition. Total porosity increases
with limestone addition at each time. Since 24 hours breakthrough diameter is
the same for each limestone addition and at 28 days it is smaller than sample
without limestone
All the results show that limestone has an influence on the hydration and properties
of the cement however in which extend it depends on C3A and gypsum content. Gypsum
was shown to have significant influence on the hydration and properties development
of cementitious materials.
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Influence of gypsum on hydration of
PC and limestone cements
For typical modest additions of limestone, the level of sulfate has significant influence
on strength and perhaps other properties of cementitious materials. Therefore it was
decided to study the effects of gypsum addition. We need to understand the behavior
and mechanisms of hydration with gypsum to better identify the influence of limestone
in cement.
The importance of gypsum in improving compressive strength lies in its influence on
the hydration reactions, which have a close influence on the hardening and microstruc-
ture development of the paste at early age. When Portland cement clinker is ground
without addition of gypsum, the aluminate phases react rapidly to promote quick set.
Because aluminate phases have advantages (works as flux in the cement kiln, binds Cl−
in the cement paste) and are always present in the clinker, gypsum is added to retard
the initial hydration reaction.
There are questions about limestone influence on gypsum content when it is incorpo-
rated into the system as it reacts with C3A to form carboaluminate phases. Therefore
the limestone addition may effect the quantity of gypsum required to obtain proper
retardation and maximize compressive strength.
Because of the lack of the precise information about the influence of gypsum on
early hydration reactions and in order to prevent abnormal expansion due to overdose
of gypsum addition in the cementitious materials, the amount of gypsum which is
allowed to use in the cement system is limited by standard specification. The total SO3
content is usually not more than 4.5% [46].
Optimum gypsum, the amount of gypsum which gives the highest compressive
strength at a given time has been known since the 1950s when Lerch showed that,
depending on the composition of the cement, gypsum can retard the initial hydration
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and set or act as an accelerator [47]. After Lerch other researchers worked on the influ-
ence of gypsum on the mechanical properties [6] [13] [36] [37] [39] [82] [83]. All found
that there is an optimum gypsum content below and above which compressive strength
decreases. However, there are few studies to explain this behavior.
Lerch gave a few typical results of the rates of reaction of different cements, with low
and high C3A content cements with different gypsum and alkalis content. He noticed
that cements show two main reaction peaks up to 24 hours of hydration. The first
was the dissolution peak, and later after induction period a main reaction peak. He
considered cements which contained the minimum quantity of gypsum required to give
a curve with two peaks and no appreciable change with larger addition of gypsum
during first 30 hours of reaction, to be cements properly sulfated [47]. This amount of
gypsum could be indicated by the shape of calorimetry curve and those cements also
showed the best compressive strength and the lowest shrinkage.
Two opposing effect of gypsum are involved in the existence of an optimum gypsum
content in respect to strength. It was shown that gypsum accelerates the hydration
reactions of pure C3S [6] [37], alite [37] [39] and Portland Cement [82] [83] at early ages,
up to 3 days [34]. On the other hand there are adverse effects when the amount of
gypsum exceeds the optimum which have been attributed to the formation of excessive
amounts of ettringite, and internal cracking [39]. There are also hypotheses that the
addition of gypsum changes the quantity and quality of the C-S-H gel. Bentur [6] sug-
gested that with gypsum addition the amount of gel formed during hydration increases
but its intrinsic strength decreases, which is related to its C/S mole ratio.
In this section the results on gypsum addition in C3S and in the cements with
different clinker composition with and without limestone addition will be presented.
5.1 Influence of gypsum on the hydration of alite in the alite –
gypsum – limestone system
Because of the complexity of the limestone, gypsum and different C3A content,
pure alite phase was prepared to investigate influence of limestone and gypsum on the
hydration of alite. 8 mixes were prepared, alite with three different amounts of gypsum
low 3.8, intermediate 6.0 and high 9.0, with 0 and 10% of limestone addition, and
references sample without gypsum alite with water and with 0 and 10% of limestone.
The composition of the mixes are presented in Table 5.1.
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Table 5.1: Alite, gypsum, limestone systems composition









5.1.1 Alite – gypsum – limestone systems – kinetics
Isothermal Calorimetry for all mixes were carried out to determine the kinetics of
hydration of alite in the presence of gypsum and later also limestone addition.
There is no significant difference in the time of onset of the acceleration period of
C3S in the calorimetry curve. However the results show that with gypsum addition the
hydration kinetics of alite are influenced. All the calorimetry curve show one main peak
of silicate hydration and the peak is two times higher for samples containing gypsum in
comparison to the samples without gypsum addition (Fig. 5.1). Between the different
gypsum additions there are differences in the size of the main peak. The highest peak
is for the sample with the lowest gypsum addition 3.8% and the samples with 6.0%
and 9.0% of gypsum shows the same height of the main peak. The cumulative curve
shows the same trend and with gypsum addition the total heat evolved is the highest
for the sample with 3.8%. The total heat evolved for the samples with 6.0% and 9.0%
of gypsum is the same and it is lower than sample with 3.8% of gypsum addition (Fig.
5.2).
With 10% of limestone addition in the system and increasing gypsum content slightly
different trends in the alite hydration are observed. There is also one main peak of
silicate hydration visible, and the size of the peak with gypsum addition is slightly
higher for samples with gypsum in comparison to the sample of only alite and 10% of
limestone mixed together (Fig. 5.3), and the height of the main peak increases up to
6.0% of gypsum and later decreases again. The cumulative curve however shows that
mixes of alite with 10% of limestone shows the lowest total heat evolved up to 140
hours of hydration, but then shows the highest total heat evolved at later ages (Fig.
5.4). This unexpected result was repeated and confirmed. With gypsum addition the
total heat evolved increases up to 6.0% addition and later decreases again with high
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Figure 5.2: Isothermal Calorimetry Data for alite and gypsum mixes – cumulative curve.
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Figure 5.4: Isothermal Calorimetry Data for alite, gypsum and 10% of limestone mixes –
cumulative curve.
71
Chapter 5. Influence of gypsum on hydration of PC and limestone cements
9.0% of gypsum addition.
5.1.2 Phase assemblage of alite – gypsum – limestone mixes
The differences in microstructural development were investigated by Mercury In-
trusion Porosimetry, TGA, XRD and SEM. Because of the limited amount of alite,
the phase assemblage were done only on 7 days old samples reused after isothermal
calorimetry tests.
XRD Rietveld Analysis show that with gypsum addition the consumption of alite
increases significantly in comparison to the mix without gypsum, and increases in a
narrow range with addition of gypsum (Fig. 5.5). With limestone addition the alite
consumption additionally increases, therefore we can conclude that gypsum and lime-
stone increase the alite hydration.
The quantity of amorphous phase also increases with gypsum addition and with
10% of limestone addition there is an additional increase in amorphous phase forma-
tion, quantified by XRD Rietveld Analysis (Fig. 5.6). However the portlandite amount
quantified by XRD Rietveld Analysis decreases with gypsum addition and simultane-
ously with C3S consumption and amorphus phase. This could be due to differences in
composition of C–S–H formed in the matrix with gypsum and limestone addition or
gypsum influence on the crystallization of portlandite.
The Mercury Intrusion Porosimetry shows only slight differences. The difference
in the total porosity between samples is in the range of 7% (Fig. 5.7). The pore size
distribution of hydrated alite it is not systematically influenced by gypsum or limestone
addition after 7 days. The threshold is also not influenced by gypsum and limestone
addition, and is similar for all alite mixes. The comparison with the cumulative curve
of porosity for sample of cement paste with gypsum and limestone addition shows the
pore distribution in pure alite is much coarser. The reasons for this are not clear.
TGA analysis were done to see the influence of gypsum and limestone on alite
hydration. For all alite-gypsum-limestone two main regions are visible at 0–230oC
C–S–H decomposition, and 400–550oC portlandite decomposition (Fig. 5.8). With
limestone addition an additional peak at 700–850oC for calcite decomposition is visible
(Fig. 5.9).
In the first region (0–230oC) the small peak of gypsum decomposition is visible for
6.0 and 9.0% of gypsum addition and based on its size we can conclude that there is
more gypsum left in the alite systems when limestone is present in the system (Figs
5.8, 5.9).
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Figure 5.5: XRD Rietveld Analysis. C3S and portlandite quantification in the system of








































Figure 5.6: XRD Rietveld Analysis. Amorphous phase quantification in the system of alite-
gypsum-limestone. 7 days of hydration.
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Figure 5.7: Mercury Intrusion Porosimetry. Alite, different amount of gypsum with 0 and
10% of limestone addition.
TGA results show that there is more water combined with increasing gypsum ad-
dition up to 9.0% of gypsum (however this iswithin the error) (Fig. 5.10) and less
portlandite formed (Fig. 5.11). It suggest that the C–S–H formed is richer in Ca2+
with increasing gypsum content. With 10% of limestone addition the percent of water
combined up to 550oC and portlandite content is lower than samples without limestone
addition, however the trend with gypsum addition is the same for samples with 0 and
10% of limestone addition.
The SEM images do not show a significant influence of the gypsum addition on the
microstructure development (Fig. 5.12). However it can be noticed that microstructure
development is different for pure phases and cement system. There is coarser porosity
and more uniform C–S–H in pure alite microstructure.
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Figure 5.9: Thermogravimetric Analysis. Alite with different gypsum content and with 10%
of limestone addition.
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Figure 5.10: Thermogravimetric Analysis. Alite with different gypsum content and with 0
























Figure 5.11: Thermogravimetric Analysis. Alite with different gypsum content and with 0
and 10% of limestone addition. Portlandite content.
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Alite 10Cg9.0 30µm Alite g9.0 
Alite g6.0 Alite 10Cg6.0 
Alite g3.8  
Figure 5.12: Scanning Electron Microscopy for samples alite – gypsum – limestone mixes.
Magnification=1600x, HV=15kV, WD=12.5mm.
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To conclude The gypsum addition has a direct influence on the alite hydration. Gyp-
sum increases the rate of hydration of alite however there is little change in the length of
induction period with increasing gypsum addition. There is more alite consumed with
gypsum addition more C–S–H formed and more water combined, but less portlandite
formed which suggest that the C–S–H formed has a different ratio between Si, Ca and
H2O. It seems that with gypsum addition there is less Ca
2+ in the C–S–H formed.
The porosity does not show significant differences with gypsum addition. However this
needs to be confirmed experimentally.
With 10% of limestone addition the trends are the same but less pronounced. Lime-
stone additionally seems to promote C3S consumption and amorphus phase formation
and the portlandite content is even smaller for samples with limestone.
5.2 Influence of gypsum on cement hydration
Two types of clinker with low (3%) and high (8%) C3A content with different gypsum
content and limestone addition, were investigated. The blends studied are shown in
Table 5.2.
Experiments were carried out in two sets. The first set concerned early compressive
strength for all presented mixes and a preliminary study of hydration . After the first
set of experiments selected samples were subjected to further investigations, especially
late compressive strength.
Table 5.2: Composition of mixes with different gypsum content
Clinker Low C3A High C3A
Gypsum [%] 2.2 3.9 5.5 6.0 9.0 3.8 5.5 6.0 9.0
Limestone [%] 0 0 0 0 0 0 0 0 0
10 10 10 10 10 10 10 10 10
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5.2.1 Compressive strength
The existence of an optimum gypsum content for compressive strength is clearly
visible at early age up to 24h (Figs 5.14, 5.16) and less at later ages (Figs 5.13, 5.15).
At later ages it seems to increase continuously with gypsum.
The optimum gypsum depends on the clinker composition (Figs 5.14, 5.16), however
there is only a slight difference in optimum gypsum with increasing C3A content. For
cement with low C3A clinker (3% of C3A) at 24 hours, the optimum gypsum is 5.5%
while for high C3A clinker (8% of C3A) it is 6.0%. It might be expected that the
SO3/Al2O3 ratio is the same for the samples at optimum gypsum. However for the low
C3A system the SO3/Al2O3 ratio at the optimum gypsum is 2.60 (Fig. 5.14) while for
high C3A system it is 0.98.
At 24 hours, for low C3A clinker cements, a gypsum amount 1.6% lower than the
optimum gives a 8% decrease in strength while 0.5% higher gypsum than optimum
gives 29% decrease in strength (Fig. 5.14). In the cement with high C3A amount of
gypsum 2.2% less than optimum gypsum decreases strength about 19%, while increase
in gypsum amount about 0.5% from optimum gypsum can decrease strength up to
50% (Fig. 5.16). Regardless of the clinker composition, cement is more sensitive to
overdosing of gypsum than to a deficiency of the gypsum amount.
At 28 days both low and high C3A clinker, (Figs 5.13, 5.15) show much lower
variation in strength with gypsum addition at 28 days than at 24 hours. At 28 days the
sample with 9% gypsum addition and high C3A content shows the highest compressive
strength.
79



















3.5 4 4.5 5 5.5 6 6.5
SO3/Al2O3
1.8 2 2.2 2.4 2.6 2.8 3
28d
Figure 5.13: Compressive Strength of mortars at 28 days of hydration. Clinker with low (3%)






















3.5 4 4.5 5 5.5 6 6.5
SO3/Al2O3
1.8 2 2.2 2.4 2.6 2.8 3
10h
24h
Figure 5.14: Compressive Strength of mortars at 10 and 24 hours of hydration. Clinker with
low (3%) C3A content and increasing gypsum addition.
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Figure 5.15: Compressive Strength of mortars at 28 days of hydration. Clinker with high
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0.6 0.8 1 1.2 1.4 1.6
10h
24h
Figure 5.16: Compressive Strength of mortars at 10 and 24 hours of hydration. Clinker with
high (8%) C3A content and with increasing gypsum addition.
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5.2.2 Hydration kinetics
The rate of heat liberation was determined for samples with low and high C3A
cements and increasing gypsum addition. The results are presented in Figs 5.17, 5.19.
There is a delay of the aluminate peak with gypsum addition (Figs 5.17, 5.19). With
the highest gypsum addition 9.0% the suppression of the hydration reaction of alite
is visible. The sample with 9.0% of gypsum addition also shows the lowest total heat
evolved (Figs 5.18, 5.20). With gypsum addition the total heat evolved increases up to
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Figure 5.17: Isothermal Calorimetry data for low C3A clinker with increasing gypsum content.
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Figure 5.19: Isothermal Calorimetry data for high C3A clinker with increasing gypsum con-
tent.
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Figure 5.20: Isothermal Calorimetry data for high C3A clinker with increasing gypsum content
– Cumulative.
5.2.3 Development of phases (XRD, TGA)
In Figs 5.21 and 5.22 the C3A consumption by XRD Rietveld Analysis is presented
and ettringite formation for low and high C3A cement with increasing gypsum addition.
Regardless of the clinker composition, with gypsum addition the formation of ettringite
increases for low C3A and high C3A cement. Even though ettringite formation increases,
the C3A consumption shows a similar rate for all gypsum additions. However the high
error for measurement of such low amount is born in the results. Only samples with
the highest gypsum content (regardless of C3A) show a delay in C3A reaction.
In Figs Figs 5.23 and 5.24 the formation of monosulfate (Ms) is presented. With
increasing gypsum addition the monosulfate formation tends to decrease for low and
high C3A clinker. Sample H0Cg6.0, which comes from different batch of cements (Fig.
5.24) shows a slight deviation from the general trend.
Even thought differences in the C3A consumption and ettringite formation with gyp-
sum addition are visible they do not obviously explain the differences in the compressive
strength at early age up to 24 hours.
In Figs 5.25, 5.26 the consumption of C3S is presented. There are small differences
in C3S consumption with gypsum addition and with time of reaction, however there
is no clear trend between gypsum addition and C3S consumption. The error of the
measurement by XRD Rietveld Analysis must be borne in mind.
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Figure 5.21: XRD Rietveld Analysis, ettringite formation and C3A consumption up to 24








































Figure 5.22: XRD Rietveld Analysis, ettringite formation and C3A consumption up to 24
hours of hydration in high C3A cement with increasing gypsum content.
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Figure 5.24: XRD Rietveld Analysis, monosulfate phase formation, high C3A clinker with
increasing gypsum addition.
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Figure 5.25: XRD Rietveld Analysis, C3S phase consumption up to 24 hours of hydration,









































Figure 5.26: XRD Rietveld Analysis, C3S phase consumption up to 24 hours of hydration,
high C3A clinker with increasing gypsum addition.
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Figure 5.28: TGA at 24 hours of hydration of low C3A clinker cement with increasing gypsum
addition.
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Figure 5.30: TGA at 24 hours of hydration of high C3A clinker cement with increasing gypsum
addition.
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The sample at optimum (5.5%) gypsum for low C3A clinker, shows the smallest rate
of C3S consumption at 24 hours. The sample at optimum gypsum for high C3A clinker,
with 6.0% of gypsum shows similar C3S consumption with the highest C3S consumption
up to 24 hours of hydration (Fig. 5.25). Differences in C3S consumption with gypsum
addition are less visible for clinker with high C3A than low C3A.
In Figs 5.27 – 5.30 , the Thermo Gravimetric Analysis data at 10 and 24 hours of
hydration with increasing gypsum addition for low and high C3A clinker cement are
presented. At 10 hours of hydration the peak of the CH decomposition in the cement
with low C3A clinker is the same for all gypsum addition. At 24 hours of hydration
there are variations in the region of the CH decomposition in the cement with low
C3A clinker but these do not show linear dependency of the C3S hydration on gypsum
addition (Fig. 5.28). In the cement with high C3A clinker at 10 hours of hydration the
CH decomposition peak is the highest for the lowest gypsum addition 3.8%, for all the
other gypsum addition, the peak is the same (Fig. 5.29). At 24 hours of hydration the
CH region decreases with gypsum addition (Fig. 5.30).
The sample with the highest gypsum addition 9.0%, and the lowest strength at
24 hours shows the sharpest peak in the region 30 – 230oC. This is due to increased
ettringite formation with high gypsum addition. Moreover there is small peak of gypsum
still visible at 24 hours of hydration for the highest gypsum addition. The sample with
the highest compressive strength at 24 hours, for low C3A clinker cement, with 5.5% of
gypsum addition has a relatively smaller peak than the samples with 6.0 and 9.0% of
gypsum addition peak in the first region.
Even though calorimetry indicates some systematic effects of increasing gypsum
addition, XRD and TGA do not have the precision to really tell how these effects
impact the phase assemblage.
5.2.4 Porosimetry
In the literature there are many papers correlating compressive strength and porosity
[58]. The increase in strength with gypsum addition in the literature was attributed
to increase in density of the reaction product, the improvement in the gel quality with
gypsum addition [83], or to an increase in the degree of hydration, or in the amount of
combined water [58].
Later it was reported the the density of C–S–H gel is independent of the SO3 content
[82]. Odler found [58] that differences in strength with different gypsum content could
be related to porosity changes in the samples. Sersale and Cioffi [80] found that the
total porosity was the main microstructural parameter governing the influence of SO3
content on compressive strength.
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Figure 5.32: Mercury Intrusion Porosimetry at 24 hours of hydration. Low C3A clinker with
increasing gypsum addition.
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Figure 5.34: Mercury Intrusion Porosimetry at 24 hours of hydration. Low C3A clinker with
increasing gypsum addition.
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Figure 5.35: Total porosity vs. Compressive strength at 10 and 24 hours of hydration. Low
and high C3A clinker with increasing gypsum addition.
In Figs 5.31 – 5.34 the mercury intrusion porosimetry at 10 and 24 hours of hydration
with increasing gypsum addition is presented. The low C3A clinker cement at 10
hours of hydration shows no difference in the total porosity and pore size distribution
(Fig. 5.31), while high C3A clinker at 10 hours of hydration shows differences in total
porosity between samples with gypsum addition in the range of 20% but without a clear
relationship with increasing or decreasing gypsum addition (Fig. 5.33). At 24 hours of
hydration for low C3A clinker the total porosity decreases with gypsum addition up to
3.8% of gypsum addition and later increases again (Fig. 5.32). High C3A clinker with
gypsum addition at 24 hours of hydration the total porosity decrease up to optimum and
later increases again (Fig. 5.34). Additionally sample H0Cg6.0 comes from different
batch of cements what can have influence on the results as discussed Fig. 3.2.2.2.
Gypsum has similar influence on threshold of the samples. There is no clear rela-
tionship with gypsum addition.
There is also no clear relationship between total porosity and compressive strength.
In the Fig. 5.35 the total porosity vs. compressive strength for samples with low and
high C3A clinker are presented. There is less difference in total porosity with gypsum
addition for low C3A clinker cement than for high C3A clinker.
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L0Cg5.5 24h L0Cg5.5 10h 
L0Cg3.9 24h L0Cg3.9 10h 
L0Cg2.2 24h 
Figure 5.36: Scanning Electron Microscopy at 10 and 24 hours of hydration for samples
with low C3A clinker and increasing gypsum addition. Magnification=6000x, HV=15kV,
WD=12.5mm.
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H0Cg3.8 10h H0Cg3.8 24h 
H0Cg6.0 10h H0Cg6.0 24h 
H0Cg9.0 10h H0Cg9.0 24h 
Figure 5.37: Scanning Electron Microscopy at 10 and 24 hours of hydration for samples
with high C3A clinker and increasing gypsum addition. Magnification=6000x, HV=15kV,
WD=12.5mm.
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With gypsum addition some differences in microstructure are observed concerning
space filling. The main difference is in the C-S-H rim formation around cement grains
(Figs 5.36, 5.37).
From the microstructural point of view in low and high C3A clinker cement the most
important difference are at early ages.
At 10 hours of hydration the product formed around grains is already visible and
the shell is more pronounced around smaller grains than bigger grains. At the highest
gypsum addition there is larger number of small shells of dimensions around 1µm. The
differences in the rim formation with increasing gypsum addition is the most visible at
24 hours of hydration. With increasing gypsum addition up to optimum, the thickenss
of the shell formed around the cement grains increases and there is better connectivity
between cement grain and growing hydration product Fig. 5.36. At 24 hours of hy-
dration with the highest gypsum addition, the thickness of the rim does not increase
significantly compared to 10 hours of hydration, and the connectivity between cement
grain and hydration product is significantly less good compared to lower gypsum addi-
tion. This phenomena was found in both high and low C3A clinker and seemed to be
significant in determining compressive strength of the cements with increasing gypsum
content.
5.2.6 Summary - Influence of gypsum
Gypsum has a direct influence on cement hydration.
• There is an optimum gypsum up to which compressive strength increases and
later decreases again
• Optimum gypsum depends on the cement composition. Slightly increases with
C3A content and decreases with limestone addition
• Regardless of C3A content cement systems are more sensitive to the overdose of
the gypsum content than on underdosing
• With increasing gypsum addition acceleration in accelerating period is observed
• With increasing gypsum addition a delay in aluminate reaction is observed
• Significantly above optimum gypsum clear suppression of the hydration reaction,
below the optimum effects are not clear
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• Porosity does not show clear relationship with gypsum addition and depends on
the cement composition and time of hydration
5.3 Influence of limestone on gypsum optimum
5.3.1 Influence of limestone on the compressive strength
The compressive strengths for the blends, with and without 10% of limestone addi-
tion are shown in figures 5.38 – 5.41.
With 10% limestone addition there is little effect on the optimum gypsum. The
optimum gypsum at 24 hours for clinker with low C3A cement is the same with and
without 10% of limestone addition and it is 5.5% relative to clinker. Optimum gypsum
for high C3A cement and 10% of limestone is 5.5%, relative to clinker content and
for sample without limestone is 6.0%. The SO3/Al2O3 decreases from 0.99 for cement
without limestone to 0.90 to cement with 10% of limestone addition(Fig. 5.41).
For the samples without limestone addition when the amount of gypsum is lower or
higher than optimum gypsum the compressive strength decreases significantly and with
limestone addition the effect is less pronounced. Therefore with limestone addition the
system is less sensitive to changes in gypsum content.
At 28 days the optimum gypsum is the same for samples with low C3A clinker
cement (Fig. 5.38). The highest compressive strength at 28 days for high C3A clinker
shows sample with 9.0% of gypsum addition (Fig. 5.40).
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Figure 5.38: Compressive Strength of mortars at 28 days of hydration. Clinker with low (3%)
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Figure 5.39: Compressive Strength of mortars at 10 and 24 hours of hydration. Clinker with
low (3%) C3A content, with 0 and 10% limestone addition.
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Figure 5.40: Compressive Strength of mortars at 28 days of hydration. Clinker with high
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Figure 5.41: Compressive Strength of mortars at 10 and 24 hours of hydration. Clinker with
high (8%) C3A content with 0 and 10% of limestone addition.
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5.3.2 Influence of Limestone on the kinetics
With 10% of limestone addition there is no acceleration with gypsum addition. For
both clinker types and all gypsum additions the acceleration period is the same (Figs
5.42, 5.43). Again the systems appear less sensitive to the gypsum addition, as was
observed for compressive strength. With gypsum addition the shift of the aluminate
peaks occurs, up to the highest gypsum addition 9.0% where no aluminate peaks occurs
in the period of main reaction. At the highest levels of gypsum addition the C3S reaction
is suppressed and this is more pronounced in the cements with low C3A clinker in
comparison to high C3A clinker.
The comparison of the calorimetry curve for each gypsum addition with and without
limestone addition shows that in general limestone accelerates the hydration reaction
(regardless of the C3A content) (Fig. 5.44). The effect of limestone is diminished with
increasing levels of gypsum and with the highest gypsum addition the effect of limestone
is very slight.
With gypsum addition the total heat evolved increases up to optimum gypsum and
then decreases again. For the highest gypsum addition the total heat evolved is the
lowest regardless of the C3A content and limestone addition. With 10% of limestone
total heat evolved relative to clinker content additionally increases for each gypsum
addition for low and high C3A clinker (Figs 5.45 – 5.46).
When limestone is added to the system. The comparison of samples without and
with 10% of limestone for particular gypsum addition shows that limestone addition
also shortens the induction period for all gypsum additions (Fig. 5.44) and the height
of the silicate peak each time is slightly higher for the sample with 10% of limestone
addition.
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Figure 5.42: Isothermal Calorimetry data – Heat Evolution Rate. Clinker with low (3%) C3A
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Figure 5.43: Isothermal Calorimetry data – Heat Evolution Rate. Clinker with high (8%)
C3A content and with 10% of limestone addition.
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Figure 5.44: Isothermal Calorimetry data for samples with low and high C3A clinker, 0 and
10% of limestone addition and increasing gypsum content.
102











































Figure 5.45: Isothermal Calorimetry data – Cumulative Curve. Clinker with low (3%) C3A










































Figure 5.46: Isothermal Calorimetry data – Cumulative. Clinker with high (8%) C3A content
with increasing gypsum content and with 0 and 10% of limestone addition.
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5.3.3 Influence of limestone on the phase assemblage
Limestone addition slightly increases C3A consumption for high C3A clinker cements
at each gypsum addition (Annex Figs F.4, F.5, F.6). For low C3A clinker cement, 10%
of limestone addition only slightly increases the hydration at 5.5% of gypsum addition
(Annex Fig. F.2).
When limestone is in the system no monosulfoaluminate (Ms) was observed. With
limestone addition there is formation of hemi- and monocarboaluminate which depends
on the C3A and gypsum content (Figs 5.47, 5.48). With gypsum addition, regardless of
the C3A content the formation of monocarboaluminate (Mc) is delayed and its amount
decreases.
The C3S consumption slightly increases with 10% of limestone addition for high C3A
clinker cement (Fig. F.10). In Figs 5.50, 5.50 % of C3S hydrated at certain time in
the function of gypsum addition is presented. Low C3A clinker cement show that with
gypsum addition C3S hydration slightly decreases at 10 hours of hydration, increases
up to 3.8% of gypsum and with higher gypsum amounts decreases, and slightly in-
creases at 28 days of hydration (Fig. 5.50). 10% of limestone addition slightly increases
C3S consumption for low C3A clinker cements, especially at 24 hours and 28 days of
hydration.
High C3A clinker cement show increase in C3S hydration with gypsum addition at
each time. Sample with 6.0% of gypsum and 0% of limestone shows slightly different
trend at 10 hours of hydration, however this sample comes from different batch of
cements (Fig. 5.50). Additionally 10% of limestone addition increases C3S hydration
at each time of hydration for high C3A clinker cements (Fig. 5.50).
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Figure 5.47: XRD Rietveld Analysis, monosulfate (Ms) and monocarboaluminate (Mc) quan-











































Figure 5.48: XRD Rietveld Analysis, monosulfate (Ms) and monocarboaluminate (Mc) quan-
tification. Sample with high C3A clinker cement, increasing gypsum addition, 0 and 10% of
limestone addition.
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Figure 5.49: % of C3S hydrated in function of gypsum addition. Low C3A clinker cements

























Figure 5.50: % of C3S hydrated in function of gypsum addition. High C3A clinker cements
with 0 and 10% of limestone.
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5.3.4 Influence of limestone on the porosity and microstructure develop-
ment
In Figs 5.51 – 5.54 the MIP data at 10 and 24 hours of hydration for low and high
C3A clinker with 0 and 10% of limestone addition are presented. Even thought lime-
stone slightly increases C3S and C3A consumption, the formation of ettringite increases
and additionally carboaluminate phases are formed the total porosity does not show
a clear trend with limestone addition, only compensates presence of limestone. The
porosity depends on the C3A, gypsum content.
At 10 hours of hydration for low C3A clinker cement with increasing gypsum addition
limestone addition sometimes increases and sometimes decreases total porosity (Fig.
5.51). At 24 hours of hydration for low C3A clinker cement 10% of limestone addition
increases the total porosity.
For high C3A clinker at 10 and 24 hours of hydration the total porosity decreases
with 10% of limestone addition, only for sample with 6.0% the total porosity at both
times is higher with limestone addition (Figs 5.53, 5.54).
In general, with 10% of limestone addition the differences in porosity are less pro-
nounced and low and high C3A clinker systems are less sensitive to the changes in
gypsum addition.
Similar results can be observed by SEM. The differences in the formation of C–S–H
shells around cement grains with gypsum addition are less pronounced when 10% of
limestone addition is in the system (Figs 5.55, 5.56).
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Figure 5.51: MIP data at 10 hours of hydration. Sample with low C3A clinker cement,
























Figure 5.52: MIP data at 24 hours of hydration. Sample with low C3A clinker cement,
increasing gypsum addition, 0 and 10% of limestone addition.
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Figure 5.53: MIP data at 10 hours of hydration. Sample with high C3A clinker cement,
























Figure 5.54: MIP data at 24 hours of hydration. Sample with high C3A clinker cement,
increasing gypsum addition, 0 and 10% of limestone addition.
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L10Cg8.2 24h 8µm 
Figure 5.55: Scanning Electron Microscopy at 10 and 24 hours of hydration for samples with
low C3A clinker, increasing gypsum addition, 0 and 10% of limestone addition. Magnifica-
tion=6000x, HV=15kV, WD=12.5mm.
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Figure 5.56: Scanning Electron Microscopy at 10 and 24 hours of hydration for samples with
high C3A clinker, increasing gypsum addition, 0 and 10% of limestone addition. Magnifica-
tion=6000x, HV=15kV, WD=12.5mm.
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5.4 GEMS vs XRD, aluminium gypsum and calcium uptake into
C-S-H
In this part the GEMS calculations were done. As an input to GEMS calculations,
the degree of hydration of clinker phases at each time of hydration measured by XRD
Rietveld analysis was used. Formation of phases by XRD Rietveld analysis and GEMS
calculation was compared.
In the previous chapter Chapter 4.1 it was shown that the Ca/Si ratio of the C–S–H
should be fixed from EDS measurement. Also there is an uptake of a certain amount of
aluminum into C-S-H. The XRD Rietveld analysis data were found to be in agreement
with GEMS prediction when Al/Si ratio obtained by SEM EDS analysis was fixed in
the C-S-H. In the end there was good agreement between XRD and GEMS calculations
for monocarboaluminate formation especially for high C3A clinker systems.
In present section GEMS calculations were done with three different approaches.
First approach was to predict phase formation inputting clinker phases hydration from
XRD Rietveld analysis and comparison of both. As it was expected phase formation
predicted by GEMS was different from XRD Rietveld analysis measurement. Therefore
the second approach and Ca and Al uptake into C-S-H was included in the GEMS
calculations. In the third approach, additionally beside Ca and Al also S uptake into
C-S-H was included. Ratios of C–S–H composition for each sample were determined
experimentally by SEM EDS analysis. The results of comparison between XRD Rietveld
analysis, GEMS calculations are presented in the Fig. 5.57 – systems without limestone
and Fig. 5.58 – systems with 10% of limestone.
For high C3A system without limestone addition, aluminate and sulfate uptake into
C–S–H influences ettringite and monosulfate formation. When aluminate uptake is
included ettringite formation increases significantly for sample with low gypsum content
(Fig. 5.57 a) and slightly for sample with optimum and high gypsum content (Fig. 5.57
c, e). This is because the S/Al ratio increases so there is more ettringite rather than
monosulfate (Fig. 5.57 b, d, f).
When the sulfate uptake is also included, ettringite formation significantly decreases
for all gypsum additions (Fig. 5.57 a, c, e). The S/Al ratios decrease and overall there
is less Al to form ettringite and monosulfate. Monosulfate formation however increases
for the highest gypsum addition (Fig. 5.57 f), slightly increases and later decreases for
optimum gypsum sample (Fig. 5.57 d), and decreases for low gypsum sample (Fig. 5.57
b).
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(f) H0Cg9.0 – Monosulfate quantification.
Figure 5.57: Comparison of XRD Rietveld analysis and GEMS calculation of ettringite and
monosulfate. Systems with high C3A clinker, 0% of limestone and increasing gypsum content.
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(f) H10Cg8.2 – Monocarboaluminate quantification.
Figure 5.58: Comparison of XRD Rietveld analysis and GEMS calculation of ettringite and
monocarboaluminate. Systems with high C3A clinker, 10% of limestone and increasing gyp-
sum content.
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In the limestone cement systems ettringite and monocarboaluminate are influenced
by aluminate and sulfate uptake. Aluminate uptake does not influence ettringite for-
mation (Fig. 5.58 a, c, d). Lack of alumina however influences monocarboaluminate
formation especially at optimum gypsum (Fig. 5.58 d) and with the highest gypsum
addition (Fig. 5.58 f). Its formation is significantly lower when aluminate uptake is
included. The low gypsum addition sample shows only slight changes in monocarboa-
luminate formation at early age, later the formation is similar due to small gypsum
amount and still high aluminate content to produce monocarboaluminate (Fig. 5.58
b).
When sulfate uptake is also included in samples with limestone addition ettringite
is significantly influenced and its formation significantly decreases (Fig. 5.58 a, c, e)
and in the same time monocarboaluminate formation increases due to more alumina
available for its formation (Fig. 5.58 b, d, f). When aluminate and sulfate uptake
is included into GEMS calculations ettringite formation prediction is closer to XRD
Rietveld analysis data.
5.5 Summary
In this chapter influence of gypsum on the cement hydration and properties, with
different C3A content and limestone addition were investigated. The following conclu-
sion can be drawn:
Alite system
• Studies of alite – gypsum – limestone system shows that gypsum has a direct
influence on the alite hydration. With gypsum addition there is more C3S con-
sumed more C–S–H formed and more water combined but less portlandite formed
what suggests that C–S–H formed has a different ratio between Si, Ca and H2O
Influence of gypsum
• There is an optimum gypsum (the amount of gypsum at which the compres-
sive strength at 24 hours is the highest) below and above which the compressive
strength is significantly lower
• Optimum gypsum depends on the cement composition, and increases slightly
increase with C3A content and decreases with limestone addition
• Low C3A systems are less sensitive on the overdosing of gypsum content and more
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sensitive on to underdosing of gypsum content
• High C3A systems are more sensitive on the overdosing the gypsum amount and
less sensitive on to underdosing
• Gypsum has a direct influence on the kinetics of the hydration reaction:
– acceleration in accelerating period up to optimum gypsum later decelerations
– delay of aluminate reaction
• With gypsum addition there is more ettringite formed, while C3A consumption is
similar at each gypsum addition up to optimum
• There are only slight changes in C3S hydration with gypsum addition
• Total porosity and threshold values does not show clear relationship with gypsum
addition, it depends more on the cement composition and limestone addition and
time of the hydration
• C–S–H composition is different than used in GEMS model, there is an aluminum
and sulfate uptake into C–S–H
• There is no clear correlation between total porosity and compressive strength
Influence of limestone on gypsum
• With 10% of limestone addition the optimum gypsum decreases slightly depending
on the C3A content.
• With 10% of limestone addition the systems are less sensitive to changes in gypsum
amount:
– the compressive strength show smaller loss from optimum gypsum regardless to
clinker composition
– the acceleration period on the calorimetry curve is the same for each gypsum ad-
dition up to optimum, regardless to clinker composition. For very high gypsum
addition the suppression of the reaction is also visible
• 10% of limestone addition increases acceleration period at each gypsum addition
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• 10% of limestone addition increases total heat evolved at each gypsum addition
• With 10% of limestone addition the formation of ettringite increases at each gyp-
sum addition
• With 10% of limestone addition the C3A consumption changes and it depends on
the gypsum content and clinker composition
• With 10% of limestone addition Mc is formed at each gypsum addition instead of
Ms, and Mc formation increases with gypsum addition
• C3S consumption increases with limestone addition at each gypsum addition
• 10% of limestone addition decreases total porosity, however it depends on the
cement composition
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Chapter 6
Influence of the temperature on
hydration and properties of PC and
limestone cement
The curing temperature has an important influence on the strength of mortars and
concrete. In the laboratory most tests are performed at ambient temperature 20–
25oC, while the conditions in the field are often below or above this temperature and
moreover with temperature differences between day and night. Therefore it is useful
to understand the behavior of cementitious materials during hydration at different
temperatures.
It is widely accepted that concrete exposed to high temperatures during early age
hydration has increased early strength and decreased later strength [25]. With tem-
perature the initial hydration is accelerated which causes more rapid precipitation of
hydration products during the first hours of hydration [25] and increase in strength.
The increased hydration rate leads to higher density C–S–H [97]. With decreasing tem-
perature the hydration slows down, and a less dense C–S–H is formed, so there is lower
coarse porosity in the cement matrix [24] [42].
In this section the influence of temperature on the hydration of cement with differ-
ent C3A, gypsum and 0, 10% of limestone will be discussed. The hydration kinetics,
phases assemblage, porosity and mechanical properties, at different temperatures will
be presented.
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6.1 Influence of the temperature on the kinetics
With increasing temperature the reaction kinetics increase. In Figs 6.1 – 6.6 the
isothermal calorimetry data for low C3A clinker with different gypsum addition and
without 0 and 10% of limestone are presented, and on the Figs 6.7 – 6.12 the data
for high C3A clinker with different gypsum content and with 0 and 10% of limestone
addition are presented.
The hydration is accelerated with temperature regardless of the C3A content, gyp-
sum addition and limestone addition. The acceleration at 30oC in comparison to 20o is
visible at early ages. On the cumulative curve the total heat starts to be the same for
samples at 20 and 30 oC around 70 hours for low C3A clinker and around 50 hours for
high C3A clinker, with the small variation depending on the gypsum content.
The hydration at 10oC is slowed down in comparison to 20oC and on the cumulative
curve for 10 o the total heat evolved reaches the same value as 20o around 250 hours
(∼10days) for low C3A clinker and around 150 hours for high C3A clinker. Only samples
with the highest gypsum addition 9.0% and high C3A content show no common point
for 10 and 20oC on cumulative curve, 20 and 30oC show similar trend and common
point on the cumulative curve at 100 hours (Fig. 6.12).
Limestone addition accelerates the hydration reaction at each temperature regard-
less of C3A content and gypsum content. For high C3A clinker the total heat evolved
is higher at each temperature with 10% of limestone addition, up to 6.0% of gypsum
addition. For 9% of gypsum addition this effect is less pronounced because of high
gypsum addition and higher influence of gypsum addition on the hydration.
For low C3A clinker limestone addition increases the length of acceleration period
at each temperature up to 6.0% of gypsum addition. The total heat evolved is not
always higher with limestone addition and in the low C3A clinker it depends on the
temperature and gypsum content in the sample.
120












































SO3/Al2O3 from C 3A
1.85
L0Cg3.9
Figure 6.1: Isothermal Calorimetry Data at different temperatures. Sample with low C3A









































SO3/Al2O3 from C 3A
1.85
L0Cg3.9
Figure 6.2: Isothermal Calorimetry Data at different temperatures. Cumulative curve. Sam-
ple with low C3A content, 3.8% of gypsum, 0, 10% of limestone addition.
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SO3/Al2O3 from C 3A
2.60
L0Cg5.5
Figure 6.3: Isothermal Calorimetry Data at different temperatures. Sample with low C3A









































SO3/Al2O3 from C 3A
2.60
L0Cg5.5
Figure 6.4: Isothermal Calorimetry Data at different temperatures. Cumulative curve. Sam-
ple with low C3A content, 5.5% of gypsum, 0, 10% of limestone addition.
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SO3/Al2O3 from C 3A
2.84
L0Cg6.0
Figure 6.5: Isothermal Calorimetry Data at different temperatures. Sample with low C3A









































SO3/Al2O3 from C 3A
2.84
L0Cg6.0
Figure 6.6: Isothermal Calorimetry Data at different temperatures. Cumulative curve. Sam-
ple with low C3A content, 6.0% of gypsum, 0, 10% of limestone addition.
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SO3/Al2O3 from C 3A
0.62
H0Cg3.8
Figure 6.7: Isothermal Calorimetry Data at different temperatures. Sample with high C3A










































SO3/Al2O3 from C 3A
0.62
H0Cg3.8
Figure 6.8: Isothermal Calorimetry Data at different temperatures. Sample with high C3A
content, 3.8% of gypsum, 0, 10% of limestone addition.
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SO3Al2O3 from C 3A
0.98
H0Cg6.0
Figure 6.9: Isothermal Calorimetry Data at different temperatures. Sample with high C3A










































SO3/Al2O3 from C 3A
0.98
H0Cg6.0
Figure 6.10: Isothermal Calorimetry Data at different temperatures. Sample with high C3A
content, 6.0% of gypsum, 0, 10% of limestone addition.
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SO3Al2O3 from C 3A
1.48
H0Cg9.0
Figure 6.11: Isothermal Calorimetry Data at different temperatures. Sample with high C3A










































SO3/Al2O3 from C 3A
1.48
H0Cg9.0
Figure 6.12: Isothermal Calorimetry Data at different temperatures. Sample with high C3A
content, 9.0% of gypsum, 0, 10% of limestone addition.
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6.2 Influence of the temperature on the compressive strength
The increase in hydration reaction causes an increase in compressive strength es-
pecially at early age (Figs 6.13 – 6.14). At 10 hours of hydration the differences in
strength are the most pronounced. The values of compressive strength of samples
hydrated at 10oC are extremely low while samples kept at 30oC show the values of
compressive strength three times higher than samples hydrated at 20oC (Fig. 6.13). At
24 hours the differences in strength between samples hydrated at different temperatures
are smaller, especially between 20 and 30oC. At 24 hours samples hydrated at 10oC still
shows low compressive strength (Fig. 6.14).
With 10% of limestone addition at 10 hours of hydration, compressive strength is
the same for samples hydrated at 10oC in comparison with samples without limestone,
slightly higher for samples hydrated at 20oC and significantly lower for samples hydrated
at 30oC (Fig. 6.13).
At 24 hours of hydration, with 10% of limestone addition, the samples at each
temperature show the same or slightly higher compressive strength up to optimum
gypsum and above the optimum show smaller strength than samples without limestone
addition. The optimum gypsum is not influenced by temperature and it is the same at
20, 10 and 30o (Fig. 6.14).
At 28 days of hydration, the differences in compressive strength between samples
hydrated in different temperatures are in the range of 10MPa. There is no clear trend
with temperature and the compressive strength depends on the gypsum addition. The
highest strength at optimum gypsum (6% without limestone and 5.5% with 10% of
limestone) is shown by samples hydrated at 10oC (Fig. 6.15).
With temperature the hydration is accelerated. Two approaches were used to deter-
mine the same maturity of hydrated systems, Isothermal Calorimetry Data and degree
of hydration from XRD Rietveld Analysis.
• Isothermal Calorimetry approach – The compressive strength at 20oC was taken
at 10 and 24 hours of hydration. On the calorimetry curve performed at 20oC it
corresponds to the moment of the top of the first peak (10h) and after the third
small peak (24h). The same moments on the calorimetry curve were chosen for
samples hydrated at different temperatures. All process is illustrated in the Fig.
6.16.
• Degree of hydration by XRD Rietveld – The X–ray diffraction was performed on
the powdered samples, later Reitveld Analysis to determine the degree of hydra-
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Figure 6.13: Compressive Strength at 10h of hydration and different temperatures. Samples
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Figure 6.14: Compressive Strength at 24h of hydration and different temperatures. Samples
with high C3A clinker, different gypsum content and with 0 and 10% of limestone addition.
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Figure 6.15: Compressive Strength at 28d of hydration and different temperatures. Samples
with high C3A clinker, different gypsum content and with 0 and 10% of limestone addition.
Table 6.1: Maturity of the system at different temperatures indicated by Isothermal Calorime-
try and Degree of Hydration from XRD Rietveld Analysis
The Same Maturity time [h] 20oC 10oC 30oC
Calo 10 16 6
XRD 10 16 6
Calo 24 40 16
XRD 24 46 24
tion of hydrated samples. The maturity of the system at different temperature
was determined by choosing the time of the same value of degree of hydration at
20oC at 10 hours and 24 hours for 10 and 30oC. The process is presented in the
Fig. 6.17
The corresponding maturity values for different temperature are in agreement at 10
hours of hydration between calorimetry and XRD method. The maturity at 24 hours
show differences between calorimetry and XRD method. All results are combined in
the Table 6.1.
The compressive strength at the same maturity of the system were measured. Two
times of maturity for sample hydrated at 20oC were chosen 10 and 24h and correspond-
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Figure 6.16: Isothermal Calorimetry Data – Maturity of the system at different temperatures.
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Figure 6.17: Isothermal Calorimetry Data, and X–ray Diffraction, Rietveld Analysis Data –
Maturity of the system at different temperatures by degree of hydration.
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ing maturity at 10 and 30oC was determined using Isothermal Calorimetry and XRD
Rietveld Analysis, as described above.
Results show that samples hydrated at 20 and 30oC show similar compressive
strength at 10 hours of hydration and samples hydrate at 10oC show much lower com-
pressive strength than samples hydrated at 20oC (Fig. 6.18). Moreover at each tem-
perature the highest strength at 10 hours of hydration show samples with the lowest
3.8% of gypsum addition with and without limestone addition.
In Fig. 6.19 the compressive strength results for samples with the same maturity
are presented. Results show that optimum gypsum is not influenced when the temper-
ature is higher than 20oC, and samples cured at 30o show the same value for optimum
gypsum. Samples hydrated at 10oC show the highest compressive strength for sample
with the lowest 3.8% of gypsum addition without limestone. With limestone at 10oC
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Figure 6.18: Compressive Strength – corresponding maturity at different temperatures to 10h
maturity at 20oC, by calorimetry and XRD.
The differences in strength cannot also be explained by differences in total porosity.
The result obtained by Mercury Intrusion Porosimetry shows that with temperature
the total porosity changes. The samples hydrated at 20oC have the lowest porosity for
each gypsum addition with and without 10% of limestone addition.
There is no clear relationship between total porosity and compressive strength. In
Fig. 6.23 the total porosity vs compressive strength is presented. The same maturity
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Figure 6.19: Compressive Strength – corresponding maturity at different temperatures to 24h
























SO3Al2O3 from C 3A
0.62
Figure 6.20: Mercury Intrusion Porosimetry – Sample with 3.8% of gypsum and high C3A
content, SO3/Al2O3 = 0.62. Corresponding maturity at 10 and 30
oC to 10h maturity at
20oC.
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SO3Al2O3 from C 3A
0.90
Figure 6.21: Mercury Intrusion Porosimetry – Sample with 5.5% of gypsum and high C3A
content, SO3/Al2O3 = 0.90. Corresponding maturity at 10 and 30

























SO3Al2O3 from C 3A
0.98
Figure 6.22: Mercury Intrusion Porosimetry – Sample with 6.0% of gypsum and high C3A
content, SO3/Al2O3 = 0.99. Corresponding maturity at 10 and 30
oC to 10h maturity at
20oC.
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Figure 6.23: Total Porosimetry vs. Compressive Strength at different temperatures.
of the samples according to Isothermal Calorimetry and XRD Rietveld Analysis does
not show the same compressive strength with similar total porosity and vice versa.
These results show that hydration reaction and development of compressive strength is
a complex process which is not fully understood.
6.3 Activation Energy
The Activation energy indicates the sensitivity of the rate of reaction to temperature







R – gas constant (8.314 J/mol/K)
T – temperature at which reaction occurs (K)
k – rate of heat evolution (W)
Ea – activation energy (J/mol)
Because the hydration of the cement it is mix of reactions occurring simultaneously
the expression of ”apparent” activation energy is used.
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(b) Superposition of heat evolution rate
curves for Ea2
Figure 6.24: Examples of superposition of calorimetry curves for calculating activation energy.
There are several methods to calculate activation energy. The differences in results
from each method are significant, which makes results difficult to compare. The best
methods description and comparison can be found in the literature and especially in
the paper [64].
The activation energy can be calculated by the concept of equivalent age. The most
common equation used to compute equivalent age is proposed by Frieseleben Hansen













te(Tr) – equivalent age at reference temperature
Tr and Tc – reference temperature and temperature of the concrete
6.3.1 Activation Energy for different cement systems
The differences in activation energy for cements with different clinker composition,
gypsum and limestone addition were investigated. Two clinkers with low and high C3A
content, increasing gypsum content and with 0 and 10% of limestone addition were
investigated.
The method used was Maturity Method. This method consists superposing the first
part of cumulative heat using the Eq. 6.3 and α is the age conversion factor obtained
to superpose the cumulative curves (Fig. 6.24 a).
te = α · t (6.3)
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Table 6.2: Calculated Activation Energy
Low C3A cements High C3A cements
Sample Ea1 [kJ/mol] Ea2 [kJ/mol] Sample Ea1 [kJ/mol] Ea2 [kJ/mol]
L0Cg3.9 32.94 33.72 H0Cg3.8 40.17 51.07
L0Cg5.5 32.25 22.85 H0Cg5.5 37.87 42.18
L0Cg6.0 30.18 30.81 H0Cg6.0 37.87 41.50
H0Cg9.0 37.87 47.78
L10Cg3.5 32.94 32.94 H10Cg3.5 35.86 30.93
L10Cg5.0 32.20 35.89 H10Cg5.0 35.86 35.07
L10Cg5.5 29.65 34.58 H10Cg5.5 35.86 25.17
H10Cg8.2 38.56 45.23
The Activation energy results were obtained and compared with the results of Activa-
tion energy obtained by superposing the slopes of the differential calorimetric curves
using Eq. 6.4 with β as a factor of calorimetric curves shift (Fig. 6.24 b).
The sensitivity of the fitting is moderately high and the deviation from the fitting
value about 0.1 gives an error of 2–8 [kJ/mol].
te = α · (t+ β) (6.4)








The comparison of the results is presented in the table Table 6.2. The both methods
gives comparable results Fig 6.25 and Fig. 6.26. The difference in the Activation
Energies for sample without and with limestone are more pronounced using second
fitting method. Fitting the differential calorimetry curve was found to be more sensitive
to the addition of limestone in the cement.
Activation energy show similar results with increasing gypsum and 10% of limestone
addition. There are only slight changes between samples. Low C3A system (Fig. 6.25)
show less scattering of the results than high C3A system (Fig. 6.26).
For high C3A clinker cements more dispersion was expected due to simultaneous
reactions however still generally the Ea is similar for all samples.
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Figure 6.26: Activation Energies results for high C3A clinker.
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6.4 Summary
• Temperature accelerates the hydration reaction
• Compressive strength increases with temperature
• Compressive strength done at the same maturity of the system (Calo, XRD) at
different temperature depends on the cement composition, however the highest
strength at 24 hours is equivalent to sample cured at 30oC
• At 28 days the highest compressive strength show sample cured at 10oC
• Temperature has an influence on the porosity. At each time of hydration the
highest total porosity shows sample cured at 10oC and the lowest sample cured
at 20oC
• Activation Energy is similar for all cement mixes
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Influence of limestone and gypsum
on the durability of cementitious
materials
The durability aspect of the cementitious materials, especially with supplementary
cementitious materials is a main concern of the cement industry.
It has been claimed that systems with limestone are more susceptible to sulfate
attack, however it depends on many parameters such us limestone content and clinker
composition. Therefore in this chapter the influence of limestone on the sulfate attack
with clinker with different C3A content and gypsum content will be investigated. The
expansion curves and microstructural investigation will be presented.
Additionally sorptivity of the same systems as exposed to the sulfate attack will be
presented.
7.1 Sulfate attack
7.1.1 State of the art
Blended cements containing limestone are not allowed in applications where sulfate
attack may ocur. As a limestone can be source of the CO2−3 which is the main con-
stituent of the thaumasite form of sulfate attack [7], due to their high calcite content.
In general sulfate attack is a damage of construction material after exposure to
the external sulfate source such as soil or water rich in sulfate ions. The reaction
of hydrates and cement components with sulfate ions result in a set of overlapping
and complex chemical and physical processes which lead to damage of construction.
AFm phase, unhydrated alumina phases and CH interact with aggressive solution to
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form expansive compounds such as ettringite and gypsum which produce cracks, loss
of strength and softening. Another kind of of sulfate attack, attributed to thaumasite
formation, concern cement and concretes containing limestone [5][11].
The observed expansion as a results of sulfate attack is not totaly well understood
and it can not be directly linked to the formation of one of secondary sulfate phase.
Most likely it is an effect of overlapping different physical and chemical reactions in the
system.
There is many theories concerning sulfate attack mechanism. The most recent one is
that crystallization pressure developed in pores generates initial stress and consequently
expansion of the matrix [75].
The primary phases as effect of sulfate attack in the cement are ettringite and
gypsum. Ettringite was the phase first considered as a cause of the sulfate attack
damages [15] [53]. However strong correlation between formation of ettringite and
expansion was not found [12]. However the choice of low C3A clinker cements is made
as a sulfate resistant cements and gypsum formation and its effects are diminished.
Mehta et al. [54] studied the sulfate resistance of C3A free cements – alite cements.
In the end gypsum was found to be the reason of deterioration of the system. Similar
in the study of Tian and Cohen showed that C3S pastes and mortars are susceptible
to the sulfate attack and expansion and large amount of gypsum formation was found
[90]. Additionally Santhanam et al. showed that gypsum and ettringite contribute to
expansion of Portland cements with high C3S content [73].
The mechanisms of thaumasite formation is still not well understood, however it is
known that thaumasite (CaSiO3 · CaCO3 · CaSO4 · 15H2O) forms at low temperature
and requires sulfate and carbonate ions, a source of calcium silicate and excess of
humidity. It can also be preceded by the formation of ettringite. Because thaumasite
formation requires C–S–H with carbonate and sulfate ions it may also form in ordinary
Portland cement or even in the sulfate resistant cements [4].
Temperature has a significant influence on the thaumasite formation. Thaumasite
formation is attributed to low temperature 50C [5] [43] [62], however it is also observed
in higher temperatures [87] [50] [62].
The formation of thaumasite is promoted in low pH [5] [18] [92], however formation
in high pH was also observed [98].
The formation of thaumasite depends in general on the relative solubility products
of thaumasite, ettringite, gypsum, calcite, portlandite, and if MgSO4 is present also
brucite, which vary with temperature and pH of the solution (variation of ions present
in solution) [98].
It was also found that clinker structure can affect the performance of limestone
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incorporated mortars. Clinker with higher C3S/C2S ratio and dendritic interstitial
phase structure seems to be more susceptible to sulfate attack [67] [91] [94].
It was found that with increasing limestone addition the systems were less sulfate
resistant [87] however deterioration level depends on the type of sulfate solution and
sulfate concentration [87]. Even at 20oC the deterioration is strongly associated with
thaumasite formation regardless to sulfate solution [87]. The deterioration was an effect
of thaumasite and gypsum formation [87].
7.1.2 Influence of limestone on the sulfate attack
Two types of cement system, low and high C3A with different gypsum content (3.5–
5.5%) and limestone addition were investigated. Additionally laboratory made and
commercial cements and their sulfate resistance were compared. The expansion curves
are presented on the (Figs 7.2, 7.3, 7.4).
7.1.2.1 Methods
Figure 7.1: Sulfate attack experiment - sampling.
The experiment was containing following steps:
– Mixing of the mortars in the w:s:c ratio 1:2:3, and w/c ratio was 0.5
– Casting in the 40x40x160mm prism with a metal pin, from each end of length
250mm and diameter 3mm
– Demoulding and storing in the humidity box for 28 days
– Cutting the surfaces and reducing the diameters to 20x20x160mm
– Immersing into sulfate solution of 3g/l of Na2SO4. Solution/sample volume ratio
– 2.34
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The sulfate solution was exchanged each second week of the experiment. At certain
times the piece of sample was cut and immersed into isopropanol for 7 days to stop
the hydration. Later it was tested using SEM, XRD, TGA. The sampling procedure is
presented in the Fig. 7.1.
In the Fig. 7.2 samples with low C3A clinker 0 and 10% of limestone addition and
increasing gypsum are presented. It can be observed that in low C3A clinker cement
10% of limestone addition doesn’t not influence the expansion rate of samples up to 2
years of curing in the Na2SO4 sulfate solution. Also different gypsum addition have no
influence in the samples with low C3A clinker.
The samples with high C3A clinker show higher expansion when 10% of limestone
is in the system in comparison to the sample without limestone, however the expansion
occurs later with limestone addition (Fig. 7.3). With increasing gypsum content the
expansion and destruction of the mortar occurs earlier. After 600 days of curing in the
Na2SO4 solution all samples with limestone addition are destroyed.
In general samples with high C3A content show higher expansion than samples with
low C3A content (Figs 7.2, 7.3).
Commercial cements show the same behavior (Fig. 7.4), where samples with high
C3A clinker and 10% of limestone addition was destroyed after 1 year of curing in the
sulfate solution and samples with low C3A clinker and different limestone addition are
showing small continuous expansion up to 800 days of curing in the sulfate solution.
With increasing limestone addition there is no significant difference in the expansion
for cement with low C3A content clinker and the samples expand in the same way.
In the Fig. 7.5 the expansion rate for different samples and their destruction level
comparison is presented. The results show that the same expansion rate can effect in
different destruction effect and it depends on the cement composition.
In the low C3A clinker cement limestone addition (up to 22%) does not decrease
resistance of the mortars to the sulfate attack (Fig. 7.4). The difference between
samples with increasing limestone addition and low C3A clinker is in the range of error.
7.1.2.2 Microstructure investigation
The sulfate attack mechanism was investigated using several techniques. Microstruc-
tural investigations on samples with the same age (6 months, 1 year, 480 days) but
different expansions and the same expansions but different times were performed.
The formation of phases was mostly followed by XRD analysis. Using XRD it is
difficult to detect thaumasite because main peak of thaumasite could be confused with
ettringite peak on the XRD pattern, therefore thaumasite identification is based on the
peaks characteristic only for thaumasite phases such as peak at 16, 23.5, and 28 2Θ.
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Figure 7.2: Expansion – Laboratory Cement. Samples with low C3A content (3%), 0 and


















The same expansion different time
Figure 7.3: Expansion – Laboratory Cement. Samples with high C3A content (8%), 0 and
10% of limestone addition and different gypsum content.
145



















Figure 7.4: Expansion – Commercial Cement. Samples with low and high C3A content,
different limestone addition and 6.5% of gypsum content.
Additionally the absence of ettringite effects in absence of the peaks at 15.8, 18.9, 22.9,
25.5 2Θ. However even thought the differentiation between ettringite and thaumasite
is not straightforward.
The XRD investigation showed that if thaumasite is formed after long times of
exposure to the sulfate environment and in the current experiments it is observed at
480 days. Up to 360 days only ettringite was observed in the samples exposed to the
sulfate attack (Fig. 7.7).
Samples with the same expansion level at different times (Fig. 7.3) do not show
the same phase assemblage by XRD (Fig. 7.6). Sample H10Cg5.5 exposed for 360
days to the sulfate solution shows additionally formation of gypsum in comparison to
the sample H0Cg6.0 exposed 180 days. At 480 days of exposure to the sulfate attack
both samples show similar phases assemblage but sample H10Cg5.5 shows twice the
expansion of sample H0Cg6.0 (Fig. 7.3). Sample H10Cg5.5 shows slight thaumasite
formation in the cover of the sample (Fig. 7.7).
Additionally comparison of samples with low and high C3A clinker with 0 and 10%
of limestone addition at 360 days of exposure to the sulfate shows different expansion
but only slight differences in the phase assemblage by XRD (Figs 7.8, 7.9).
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H10CaCg5.5 – 367 days  
L4Cg6.5 – 992 days 
L22Cg6.5 – 992 days  
Figure 7.5: The same value of expansion and different level of destruction– Commercial
Cement. Samples with low and high C3A content, different limestone addition and gypsum
content.
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Figure 7.6: XRD Pattern for samples with the same level of expansion and different time of
exposure, 180 and 360 days. High C3A clinker.
Figure 7.7: XRD Pattern for samples at the same time (480 days) but different expansion
level. High C3A clinker.
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Figure 7.8: XRD Patterns for samples at 360 days in sulfate solution. Low C3A clinker.
Figure 7.9: XRD Patterns for samples at 360 days in sulfate solution. High C3A clinker.
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Figure 7.10: TGA, derivative curves for samples with the same level of expansion and different
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L0Cg5.5 - 1y Surface
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Figure 7.11: TGA, derivative curves for samples at the same time (480 days) but different
expansion level. High C3A clinker.
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Figure 7.13: TGA, derivative curves for samples at 480 days in sulfate solution. High C3A
clinker.
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The biggest difference is in gypsum formation, which is more visible in the samples
with high C3A (Fig. 7.9). The XRD results however can not be quantified quantitatively
because of the grains of sand present in the sample. Therefore TGA was used to see the
difference in the amount of phases in the samples exposed to the sulfate attack (Figs
7.10, 7.11, 7.12, 7.13).
There are only slight differences in the phase amounts between samples with the
same level of expansion at different times. The expansion starts usually on the surface
of the sample, and here the effects are the most visible. H10Cg5.5 cured for 1 year
at sulfate solution shows slightly more ettringite, less portlandite in comparison to the
sample H0Cg6.0 cured for 6 months in sulfate solution (Fig. 7.10).
TGA investigation shows additional phases present in the system which were not
well visible by XRD analysis. The difference between surface and core of the sample
is more pronounced. At each time of measurement there is more ettringite formed in
the cover in comparison to the core of the same sample. In the core there was always
more portlandite in comparison to the cover due to leaching on the surface of the
sample. Additionally when high C3A clinker was in the cement also AFm and calcite
was formed in the cover while in the core those phases ware not present. With 10% of
limestone addition ettringite and gypsum were phases visible in the surface and in the
core gypsum was visible. Gypsum was not observed for sample without limestone for
both low and high C3A clinker. Also thaumasite is difficult to detect by TGA because
decomposition peaks overlap with other phases. Additionally XRD shows only slight
amount of thaumasite therefore it is even more difficult to observe by TGA.
Results show that thaumasite is only the last stage of the sulfate attack and it is
not the cause of the sulfate attack damages. It was present at most in the sample which
was showing the highest damages due to sulfate attack.
SEM analysis and profile analysis were done to see the sulfate distribution in the
samples exposed to the sulfate attack. The pictures observation show that there are
gaps around aggregates (Fig. 7.15). Additionally sulfate profile pictures shows that
sulfate easier penetrates sample with limestone. However if this is an effect of the
sulfate attack already or the reason of destruction it is not clear.
Sulfates profile show that there is much more sulfate in the sample with H10Cg5.5
even if the sample at 1 year has the same expansion than sample H0Cg6.0 at 6 months
of exposure (Fig. 7.14).
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Figure 7.14: SEM, sulfate concentration in the samples.
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Figure 7.15: SEM pictures (gray pictures) and sulfate profile (colored pictures). Mag:100x,
HV:15kV, WD:12.5mm.
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7.2 Sorptivity
The method used to measure the sorptivity is explained in the section ??.
In the Figs 7.16, 7.17, 7.18 the sorptivity curves for laboratory and commercial
samples, with low and high C3A clinker, with 0 and 10% of limestone addition and
different gypsum content are presented.
The drying process of the mortar cylinders of the 60mm diameter and height of
50mm is a long process, which can take up to 1 year. Tested samples were only dried
for 30 days in isopropanol and later 30 days in a desiccator to shorten this period.


















Figure 7.16: Sorptivity data at 28 and 90 days of hydration. Low C3A clinker with 0 and
10% of limestone.
The results show that sorptivity is increasing with limestone addition and with
increasing gypsum content sorptivity decreases. However there are some inconsistences
in results therefore it is difficult to draw clear conclusions.
155

































Figure 7.18: Sorptivity data at 28 and 90 days of hydration. Commercial Cements.
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7.3 Summary
In this chapter durability of cement with limestone and different gypsum content are
discussed. Mechanism of sulfate attack and limestone influence on the sulfate attack
and sorptivity is presented.
Sulfate attack
• Limestone samples are more susceptible to sulfate attack only if high C3A content
of clinker is used in cement
• Limestone does not have a direct influence on the deterioration of the mortars
exposed to the sulfate attack
• In the cement with low C3A (3%) clinker substitution by limestone up to 22%
does not decrease the cement resistant to the sulfate attack
• Thaumasite was observed in a little amount and after long exposure to the sulfate
solution (480 days) just before samples was total destroyed, therefore it was con-
cluded, as proposed by Schmidt [78] that thaumasite is only last stage product of
the sulfate attack but not a cause of the samples deterioration
Sorptivity
• Sorptivity increases with limestone and decreases with increasing gypsum addi-
tion, however the results are inconsistent due to incomplete drying of the sample
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Main findings and future perspective
This thesis focused on influence of limestone on the hydration and properties of
cements with low and high C3A clinker and different gypsum content.
The first part concentrated on the general influence of limestone on the hydration
of the clinker phases and the phases assemblage, when 0 and 10% of limestone is in the
system and gypsum at optimum and how increasing limestone addition from 0–20% of
limestone addition, can influence the hydration of cements.
The second part concentrated on the influence of gypsum on cement hydration and
properties and how 10% of limestone addition influences the gypsum effect in the cement
system. In this part also the effect of temperature was investigated.
Finally some investigations of durability were made.
The main findings and future perspective are presented below.
8.1 Main findings
8.1.1 Methods
Wide range of methods was used in the study. The main development was a:
• new way of samples treatment for XRD Rietveld Analysis was developed, samples
compaction by continuous displacement of the spatula. This method avoids prefer
orientation of the susceptible phases. Additionally this method allows to better
qualify the hemi– and monocarboaluminate.
8.1.2 Hc and Mc formation
The influence of limestone depends on many aspects especially clinker composition
and gypsum content in the cement. However the general influence of limestone and the
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cement hydration and properties are:
• Substitution of clinker by any amount of limestone addition results in monocar-
boaluminate phases formation during cement hydration.
• The formation of monocarboaluminate (Mc), its time and amount depends on the
aluminum availability to react with limestone:
– With increasing C3A content, the Mc amount increases. For high C3A cement it
is visible at 2 days of hydration and at the 720 days 4.5% of monocarboaluminate
is measured in the system. For low C3A cements it is visible at 7 days of
hydration and at the 720 days 1.6% of monocarboaluminate is measured in
the system. Monocarboaluminate is formed only after all gypsum is used to
produce ettringite.
• The formation of monocarboaluminate (Mc) is always accompanied by hemicar-
boaluminate (Hc) formation.
• The formation of Hc is observed up to 28 days (low C3A clinker) and 90 days
(high C3A clinker) later disappears, possible due to its carbonation to monocar-
boaluminate.
8.1.3 Ettringite formation
Ettringite is a difficult phase to quantify by XRD Rietveld Analysis due to decompo-
sition after treatment in isopropanol therefore visible differences in ettringite formation
between samples are generally not significant. The following conclusions about ettrin-
gite formation can be drawn:
• Ettringite formation is visible earlier when limestone is in the system and the
amount of ettringite formed is higher. There is more sulfate available to form
ettringite.
8.1.4 C–S–H composition
• Ca/Si ratio in C–S–H of hydrated cement was found to be higher than in model
C–S–H used in GEMS calculations. Additionally there is an uptake of certain
amount of Al and S into C–S–H.
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8.1.5 Kinetics
The kinetics of the hydration are influenced by many aspects such as C3A, gypsum,
limestone content.
Influence of clinker
• It has to be noticed that in the present study the low and high C3A clinker
also had significant differences in C3S content and different SO3/Al2O3 ratios,
therefore some of the differences between cements are more attributable to higher
C3S content and lower SO3/Al2O3 in high C3A clinker in comparison to low C3A
clinker cement. However with high C3A in comparison to low C3A:
– Acceleration in accelerating period due to higher C3S content
– Shortening of the induction period due to higher C3S content
– Higher heat evolution rate for silicate and aluminate reaction
– More peaks visible
Effect of gypsum
• With increasing gypsum addition a steeper accelerating period is observed, how-
ever no visible increase in C3S consumption by XRD Rietveld Analysis is mea-
sured. Increasing gypsum addition causes a delay in the aluminate reaction and
additional peaks in aluminate region are observed.
• With very high gypsum addition there is a visible suppression of the hydration
reaction. The heat rate and total heat evolved are lower. The same effect is
observed for all cement compositions.
Effect of limestone
• With addition of 10% of limestone there are small differences in kinetics which
vary from batch to batch of the cement.
• In general there is a small increase in the accelerating period with 10% of limestone
addition.
• With increasing limestone addition up to 20%, an increase in accelerating period
is observed for heat evolution normalized per gram of clinker. There is an ear-
lier aluminate reaction with increasing limestone addition is due to decreasing
SO3/Al2O3 ratio with increasing limestone addition in those set of samples.
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8.1.6 Porosity
• Effects of low limestone ( 10%) addition on the porosity are slight at early ages
and at later ages the differences are insignificant.
• There are significant differences in porosity when gypsum content in cement varies
(2.2–9.0). However there is no clear relationship with gypsum addition and total
porosity, it depends on the cement composition and time of hydration.
8.1.7 Compressive strength
Limestone addition
• Compressive strength is not influenced by 10% limestone addition at early age up
to 24 hours of hydration. At later ages limestone slightly decreases compressive
strength.
• High C3A clinker cement produces twice more monocarboaluminate in comparison
to low C3A clinker cement which contributes to compressive strength and lower
decrease in strength for high C3A clinker cement than for low C3A clinker cement
when 10% of limestone is added.
• With increasing limestone addition compressive strength decreases.
Gypsum addition
• There is an optimum gypsum at which compressive strength is the highest. Sam-
ples with the optimum gypsum content and the highest compressive strength do
not always shows the highest peak in rate of heat evolution for silicate reaction
nor the highest total heat evolved.
• Optimum gypsum depends on the cement composition. Slightly increases with
C3A content and slightly decreases with limestone addition.
• Regardless of the C3A content, systems are more sensitive to the overdosing of
gypsum than to underdosing.
• With 10% of limestone addition there is smaller loss in strength when gypsum
content is different from optimum.
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8.1.8 Alite–gypsum–limestone system
In pure systems of alite, gypsum and limestone have a direct influence on the alite
hydration.
8.1.9 Temperature influence
• Temperature accelerates the hydration reactions as an effect compressive strength
increases with temperature especially in early age. At 28 days the highest com-
pressive strength is shown by sample cured at 10o.
• The activation Energy is similar for all cement mixes.
8.1.10 Durability
Limestone is not responsible for a deterioration of the mortars exposed to sulfate
attack. Samples with limestone addition are only more susceptible for the sulfate attack
when high C3A clinker is used in cement.
8.2 Perspective
In this study we tried to look at the affect of C3A content. however there were
several other differences between the two cements, notably their C3S content. Therefore
in order to have a more systematic understanding of the influence of C3A more similar
clinkers or model systems should be studied.
Regarding the effect of gypsum, it was very difficult to quantify the differences
between samples with different gypsum contents. The variation in the amount of phases
formed and porosity was usually less than the precision of the measurement techniques.
The micrographs indicated that there were differences in the distribution of hydration
products, for example size of gaps between reacting grains and hydrate shells. However
we could not find any way to reliably quantify these effects. It would be interesting to
test hypotheses about the hydrate distribution by modelling, but this requires a reliable
method for calculating mechanical properties which does not exist at present time.
The optimum amount of gypsum for low C3A and high C3A clinkers was similar,
5.5 and 6.0% respectively. Therefore SO3/Al2O3 for low C3A clinker was 2.5 times
higher than for high C3A (SO3/Al2O3low = 2.60, SO3/Al2O3high = 0.98). If gypsum
is regulating only C3A reaction, as is generally accepted in the cement science the
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SO3/Al2O3 ratio should be the same for each cement at optimum gypsum. The reason
for differences in SO3/Al2O3 for optimum gypsum should be investigated further.
Main subject of present study was limestone addition in cement. Up to 20% of
clinker was substituted by limestone addition. At this level the compressive strength
significantly decreased. However the total heat evolved per gram of clinker measured
by calorimetry curve increased up to 20% of limestone addition, Therefore it would be
interesting to prepare the same cement mixes where limestone would be substituted by
inert filler to distinguish to which extent the effects of limestone are due to its chemical
reaction.
Limestone influence on the hydration and properties was investigated with the same
for all mixes and limestone additions water/cement(clinker+gypsum+limestone) ratio .
Water available for clinker reaction was increasing with increasing limestone addition.
Moreover the workability of mixes with limestone cement were very good. Therefore
it would be interesting to prepare cement pastes at constant workability and investi-
gate how the properties of cement with increasing limestone addition are influenced,
especially kinetics, compressive strength and porosity.
In terms of durability a more complete study is needed. Here we had problems
with conditioning samples to obtain good measurements of sorptivity. MIP did not
indicate significant changes in porosity. Performance in sulfate solutions did not change
dramatically as C3A is the dominant influence but the pattern of failure was changed.
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0 0.2 0.4 0.6 0.8 1
Figure C.1: Inner C–S–H composition by SEM EDS analysis. High C3A clinker, 3.8 and 9.0
% of gypsum at 10 and 24 hours of hydration.
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24h
Figure C.2: Inner C–S–H composition by SEM EDS analysis. High C3A clinker, 10% of
limestone addition and different gypsum content at 10 and 24 hours of hydration.
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Outer C-S-H
28d
Figure C.3: Inner and outer C–S–H composition by SEM EDS analysis. High C3A clinker,
10% of limestone addition and different gypsum content at 28 days of hydration.
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Figure C.4: Inner and outer C–S–H composition by SEM EDS analysis. Low C3A clinker, 0
and 10% of limestone addition and different gypsum content at 24 hours of hydration.
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Influence of limestone on cement
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Figure D.1: XRD Rietveld analysis – C3S quantification.
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Figure D.3: XRD Rietveld analysis – C3A quantification.
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Figure D.5: XRD Rietveld analysis – ettringite quantification.
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Figure D.7: Heat Evolution Rated for samples with low C3A content and increasing limestone
content.
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Figure D.9: Thermal Gravimetry data at 24 hours of hydration. Commercial cements with
low C3A content and increasing limestone addition.
D.0.2.3 Porosity
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Figure D.10: Portlandite quantification by XRD Rietveld Analysis and TGA analysis. Com-







































Figure D.11: XRD Rietveld Analysis. C3S quantification. Commercial cements with low C3A
content and increasing limestone addition.
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Figure D.12: XRD Rietveld Analysis. C3A quantification. Commercial cements with low



































Figure D.13: XRD Rietveld Analysis. C4AF quantification. Commercial cements with low
C3A content and increasing limestone addition.
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Figure D.14: XRD Rietveld Analysis. Degree of hydration. Commercial cements with Low







































Figure D.15: XRD Rietveld Analysis. Ettringite (Ett) and monocarboaluminate (Mc) quan-
tification. Commercial cements with low C3A content and increasing limestone addition.
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Figure D.16: XRD Rietveld Analysis. Calcite quantification. Commercial cements with low

























Figure D.17: MIP at 24 hours and 28 days of hydration.
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Appendix E
Comparison of Laboratory and
commercial cements
E.1 Cement composition and particle size distribution
Table E.1: Laboratory vs. Commercial Cements. Compared samples







Table E.2: Laboratory vs. Commercial Cements. Clinkers composition
Clinker [%] C3S C2S C3A cub. C3A orth. C4AF
Low C3Alab 56.4 22.3 1.6 1.0 17.0
Low C3Acommercial 69.57 11.58 2.86 1.84 9.98
High C3Alab 68.3 11.5 7.3 0.2 9.0
High C3Acommercial 63.39 14.70 6.98 2.33 6.71
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Figure E.2: Particle size distribution of laboratory and commercial cements. Cements with
high C3A content.
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Figure E.3: Heat Evolution Rate up to 60 hours of hydration. Cements with low C3A content.







































Figure E.4: Total Heat Evolved up to 60 hours of hydration. Cements with low C3A content.
Comparison between laboratory and commercial cements
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Figure E.5: Heat Evolution Rate up to 60 hours of hydration. Cements with high C3A






































Figure E.6: Total Heat Evolved up to 60 hours of hydration. Cements with high C3A content.
Comparison between laboratory and commercial cements
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(d) High C3A, 10 and 24 hours
Figure E.7: Compressive strength. Clinker with low (3%) C3A content with different gypsum
addition and with 0 and 10% of limestone addition.
195
Appendix E. Comparison of Laboratory and commercial cements
196
Appendix F








































SO3/Al2O3 from C 3A
1.85
Figure F.1: XRD Rietveld Analysis, C3A and ettringite quantification. Sample with low C3A
clinker cement, 3.8% of gypsum addition, 0 and 10% of limestone addition.
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SO3/Al2O3 from C 3A
2.60
Figure F.2: XRD Rietveld Analysis, C3A and ettringite quantification. Sample with low C3A








































SO3/Al2O3 from C 3A
4.26
Figure F.3: XRD Rietveld Analysis, C3A and ettringite quantification. Sample with low C3A
clinker cement, 9.0% of gypsum addition, 0 and 10% of limestone addition.
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Figure F.4: XRD Rietveld Analysis, C3A and ettringite quantification. Sample with high









































Figure F.5: XRD Rietveld Analysis, C3A and ettringite quantification. Sample with high
C3A clinker cement, 6.0% of gypsum addition, 0 and 10% of limestone addition.
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Figure F.6: XRD Rietveld Analysis, C3A and ettringite quantification. Sample with high








































Figure F.7: Thermo Gravimetric Analysis, water loss up to 550oC. Sample with low C3A
clinker cement, increasing gypsum addition, 0 and 10% of limestone addition.
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Figure F.8: Thermo Gravimetric Analysis, water loss up to 550oC. Sample with high C3A











































Figure F.9: XRD Rietveld Analysis, C3S quantification. Sample with low C3A clinker cement,
increasing gypsum addition, 0 and 10% of limestone addition.
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Figure F.10: XRD Rietveld Analysis, C3S quantification. Sample with high C3A clinker
cement, increasing gypsum addition, 0 and 10% of limestone addition.
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